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What exists is beyond reah and very deep.
Who an disover it?
Elesiastes 7,24

Abstrat
In this thesis feasibility of the preise measurement of the Higgs-boson prodution
ross setion at the Photon Collider at TESLA is studied in detail. For the Standard-
Model Higgs-boson prodution the deay to bb¯ pairs is onsidered for the mass between 120
and 160 GeV. The same deay hannel is also studied for prodution of the heavy neutral
Higgs bosons in MSSM, for masses 200350 GeV. For the rst time in this type of analysis
all relevant experimental and theoretial eets, whih ould aet the measurement, are
taken into aount.
The study is based on the realisti γγ-luminosity spetra simulation. The heavy quark
bakground γγ → QQ¯(g) is estimated using the dediated ode based on NLO QCD
alulations. Other bakground proesses, whih were negleted in the earlier analyses,
are also studied: γγ → W+W−, γγ → τ+τ−, and light-quark pair prodution γγ → qq¯.
Also the ontribution from the so-alled overlaying events, γγ → hadrons, is taken into
aount; a dediated pakage alled Orlop has been prepared for this task. The non-
zero beam rossing angle and the nite size of olliding bunhes are inluded in the event
generation. The analysis is based on the full detetor simulation with realisti b-tagging,
and the riteria of event seletion are optimized separately for eah onsidered Higgs-boson
mass.
In spite of the signiant bakground ontribution and deterioration of the invariant
mass resolution due to overlaying events, preise measurement of the Higgs-boson pro-
dution ross setion is still possible. For the Standard-Model Higgs boson with mass of
120 to 160 GeV the partial width Γ(h→ γγ)BR(h→ bb¯) an be measured with a statis-
tial auray of 2.17.7% after one year of the Photon Collider running. The systemati
unertainties of the measurement are estimated to be of the order of 2%. For MSSM
Higgs bosons A and H , for MA = 200350 GeV and tanβ = 7, the statistial preision
of the ross-setion measurement is estimated to be 834%, for four onsidered MSSM
parameters sets. As heavy neutral Higgs bosons in this senario may not be disovered
at LHC or at the rst stage of the e+e− ollider, an opportunity of being a disovery
mahine is also studied for the Photon Collider.
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Chapter 1
Introdution
So far, all experimental results onerning fundamental partiles and their interations
are well desribed by the Standard Model (SM), onsisting of the eletroweak theory
(EWT) and the quantum hromodynamis (QCD). These theories allow us to quantify
eletromagneti, weak and strong proesses; among all known kinds of interations only
the gravity is not inorporated in the SM framework. The very important ingredient
of the SM is the so-alled Higgs boson, h, whih is responsible for generating masses
of all partiles. Although predited by the model, the Higgs boson has not yet been
experimentally deteted. However, suh a partile must exist if the SM is to remain a
onsistent theory. Consequently, a searh for the Higgs boson is among the most important
tasks of the present and future olliders. One the Higgs boson is disovered, it will be
ruial to determine its properties with high auray, to understand the mehanism of
the so-alled eletroweak symmetry breaking (EWSB).
The neutral Higgs boson ouples to the photon pair only at the loop level, through
loops of all massive harged partiles. In the SM the dominant ontribution is due to W
and t loops. This loop-indued hγγ oupling is sensitive to ontributions of new partiles
whih may appear in various extensions of the SM. Hene, the preise measurement of the
Higgs-boson partial width Γ(h→ γγ) an indiate existene of very heavy partiles even
if their diret prodution is not possible. A photon-ollider option
1
of the e+e− ollider
oers a unique possibility to produe the Higgs boson as an s-hannel resonane in the
proess γγ → h. As the SM Higgs boson with the mass2 below ∼ 140 GeV is expeted
to deay predominantly into the bb¯ nal state, we onsider the measurement of the ross
setion for the proess γγ → h → bb¯, shown in Fig. 1.1, for the Higgs-boson mass in
1
A photon ollider option was foreseen for all projets of the e+e− linear ollider: TESLA [1℄, NLC
[2℄ and GLC (earlier JLC) [3, 4℄. In this work the photon ollider at the TESLA is onsidered. The
superonduting tehnology developed within the TESLA projet has been reently seleted as the best
suited for the International Linear Collider. Deision of the International Tehnology Reommendation
Panel was presented during the ICHEP2004 onferene in Beijing [5℄.
2
The energy unit [GeV℄ is used for masses and momenta, i.e. the speed of light is set to 1. However,
for lengths and times the orresponding units are [m℄ and [s℄.
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Figure 1.1: A diagram of the proess γγ → h→ bb¯. The Higgs boson partile ouples to
photons through the loop of all massive and harged partiles.
the range Mh = 120160 GeV. The aim of this study is to estimate the preision with
whih this measurement and extration of Γ(h → γγ) will be possible after one year of
the TESLA Photon Collider running.
Besides preision measurements, a photon ollider an be also onsidered as a andi-
date for a disovery mahine. In ase of the Minimal Supersymmetri extension of the
SM (MSSM) the photon ollider will be able to measure the prodution ross setion of
the heavy neutral Higgs bosons, A and H , overing the so-alled LHC wedge in the
MSSM parameter spae, i.e. region of intermediate values of tan β, tan β ≈ 410, and
masses MA,H above 200 GeV. For this part of parameter spae, MSSM Higgs bosons A
and H may not be disovered at the LHC [6, 7, 8℄ and at the rst stage of the e+e−
linear ollider [9℄ beause of small branhing ratios into leptons or photons (whih allow
the eient signal seletion) and beause of the kinematial limit MA,H .
√
see/2 for
pair prodution proess e+e− → AH , respetively. Parameter range onsidered in this
analysis orresponds to a SM-like senario where the lightest MSSM Higgs boson h has
properties similar to the SM Higgs boson, while heavy neutral Higgs bosons are nearly
degenerated in mass and have negligible ouplings to the gauge bosonsW/Z. We onsider
the proess γγ → A,H → bb¯ at the Photon Collider at TESLA for Higgs-boson masses
MA = 200350 GeV. The aim of the presented study is to evaluate the disovery poten-
tial of the onsidered experiment by estimating the statistial signiane of the signal
measurement for the hosen region in the MSSM parameters spae. Also the preision of
the γγ → A,H → bb¯ ross setion measurement is estimated.
The measurements of Γ(h → γγ)BR(h → bb¯) and σ(γγ → A,H → bb¯) at a photon
ollider have already been studied before [10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 4, 20, 21,
22, 23, 24, 25, 26, 27, 28, 29, 30, 31℄. Although very promising estimates were obtained,
many important aspets of the measurement were not onsidered. This study is the rst
one to take all relevant experimental and theoretial eets into aount. Only results of
suh a realisti analysis an be used to support the projet of the Photon Collider in the
framework of the International Linear Collider.
The motivation for this study is outlined in Chapter 2. The proposed experimental
setup and simulation tools are desribed in Chapter 3. In Chapter 4 details of the signal
6
and bakground simulations are given. A disussion of the event seletion and the nal
results for SM and MSSM senarios are given in Chapters 5 and 6, respetively. All results
presented in Chapters 4, 5 and 6, and in Appendies were obtained by the author of this
thesis.
7
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Chapter 2
Motivation
In this hapter our urrent understanding of the Higgs mehanism and prospets for a
disovery of the Higgs boson are outlined. The Higgs setor in the SM is disussed rst,
then its extension to the MSSM is shortly reviewed. Current limits on the Higgs-boson
mass from diret and indiret measurements are summarized. Expeted experimental
results at future olliders, relevant to the presented study, are also given. An in-depth
review of the Higgs-boson theory and phenomenology an be found, for example, in [32,
33℄. An extensive summary of experimental results onerning Higgs-boson searhes is
presented in [34℄.
2.1 The Higgs setor in the SM
Among all fundamental partiles of the SM only the Higgs boson still remains hypothet-
ial. This neutral spinless partile is required in the model to break the gauge symmetry
of weak interations. Photon, whih is a arrier of eletromagneti fore, is massless. But
three weak bosons Z, W+ and W− are massive; this is a serious diulty as SM equa-
tions for interations involving massive bosons lak a very basi property, the so-alled
gauge invariane
1
. Other problem emerges in ross setion alulations for some weak
proesses, e.g. e+e− → W+W−, beause unitarity ondition is violated for this transi-
tion. Probability urrent is not onserved unless we introdue new partiles whih ouple
to eletrons and massive bosons. One omplex Higgs doublet (four real salar elds)
is introdued in the SM in order to desribe experimental results and to preserve lear
theoretial piture. These new elds, lling the vauum, ouple to the massless vetor
bosons, giving them eetive mass. This mehanism, introdued by P. Higgs [35℄, allows
1
A priniple of gauge invariane originates in the lassial theory of eletromagnetism and reads: there
is a transformation of eletromagneti four-potential Aµ after whih physially relevant elds, ~E and ~B
(or the tensor Fµν = ∂µAν − ∂νAµ), remain unhanged. In quantum eld theories the invariane of
equations after simultaneous, speial transformations of all elds is required. Thus, the gauge invariane
priniple determines the allowed interation terms.
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us to introdue massive gauge bosons in the theoretial desription without violating the
gauge invariane (so-alled spontaneous symmetry breaking). One of the salar elds is
expeted to exist as a real partile, so-alled Higgs boson, h. All ouplings of the Higgs
boson to other partiles and its self-ouplings are predited by the SM; the ouplings to
bosons (fermions) are proportional to the mass squared of the boson (the mass of the
fermion). The only unknown parameter of the theory is the Higgs-boson mass, Mh. An
intelligible introdution to the Higgs mehanism an be found, for example, in [36℄.
The SM onstitutes a omplete eetive theory of fundamental interations (exluding
gravity). Existene of the new partile, the Higgs boson, explains how the eletroweak
symmetry (or gauge invariane) is broken and solves the unitarity problem in weak re-
ations. However, this great theoretial ahievement is undermined by some unsolved
problems. On the way to the Plank energy sale some new phenomena are expeted to
appear. Otherwise, without unnatural tuning, higher order orretions to the Higgs-boson
mass diverge as the energy sale inreases (so alled hierarhy problem). The seond
problem is due to our expetation that at some high energy sale all interations should
unify (i.e. their ouplings should be equal) whih is not exatly the ase in the SM.
2
To
fulll this uniation requirement new partiles or interations have to be introdued.
2.2 Higgs setor in the MSSM
The new symmetry between bosons and fermions, so-alled supersymmetry (SUSY), ould
remove the two above-mentioned problems of the SM. It guaranties anellation of diver-
genes in Higgs-mass alulation.
3
Also the uniation of three fundamental ouplings
is realized. However, in the general ase of the Minimal Supersymmetri extension of
the SM (MSSM) around 100 new parameters must be introdued whose values are not
predited by the model. All SM partiles have their superpartners: fermions  spin-zero
bosons (e.g. eletron  seletron), bosons  fermions (e.g. higgs  higgsino, W  W -ino,
photon  photino). To generate masses for all partiles and spartiles, two Higgs doublets
(i.e. eight elds) have to be introdued. As a result, supersymmetri models ontain ve
Higgs bosons (instead of one Higgs partile). Two of them are neutral salars and are
denoted as h and H .4 There is also one neutral pseudosalar, A, and two harged salars:
H+ and H−.
The Higgs setor of the MSSM is desribed by a subset of parameters whih inludes:
2
Only approximate uniation is obtained in the SM. At the sale of MGUT ∼ 1015 GeV ouplings are
'unied' to O(10%) [37℄.
3
In fat, anellation is not exat as the supersymmetry is broken, i.e. partiles have dierent masses
than their superpartners. This results in the predition that masses of superpartners annot be heavier
than a few TeV. Otherwise supersymmetry does not solve the hierarhy problem.
4
By denition, h denotes the lighter salar Higgs boson, and H denotes the heavier one.
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1. tan β  the ratio of vauum expetation values of neutral Higgs elds oupling to
up- and down-type fermions, tan β = vu/vd.
2. MA  the mass of the neutral, pseudosalar Higgs boson, A.
3. µ  the supersymmetry-breaking higgs-higgsino mass parameter.
4. M2  the supersymmetry-breaking universal gaugino mass parameter (mass of the
W -ino; masses of other gauginos are related with M2).
5. M
f˜L
, M
f˜R
and A
f˜
 other supersymmetry-breaking parameters: masses of left- and
right-handed supersymmetri partners of fermion f and their oupling to Higgs
bosons, respetively.
Only rst two parameters, tan β and MA, inuene the Higgs setor on the tree level.
Other parameters an aet properties of the Higgs bosons via radiative orretions. In
ontrast to the SM, mass of the lightest Higgs boson, h, is onstrained, i.e. h annot be
heavier than around 150 GeV.
2.3 Status of the Higgs-boson searhes
In preise alulations of the SM preditions the higher order orretions resulting from the
Higgs boson ontribution are sizable and must be taken into aount. Expeted results
for many observables depend on the Higgs-boson mass, Mh. Thus, onstraints on the
value of Mh an be obtained from the analysis of eletroweak measurements. The result
of suh analysis is shown in Fig. 2.1 [38℄, where the χ2 value from the SM t to preise
measurements at LEP, SLC, Tevatron and other experiments is presented as a funtion
of the Higgs-boson mass. The best agreement is found for Mh ≈ 126 GeV, and with 95%
C.L. the upper limit on Mh is 280 GeV. The best t value is slightly above the lower mass
limit from the diret searhes at LEP; exluded is the mass range Mh < 114.4 GeV [39℄.
In the MSSM ase limits for the Higgs-boson masses depend on other model param-
eters. In the general approah, when other parameters are allowed to vary, we an only
onlude that all Higgs bosons must be heavier than 8090 GeV if model with no CP -
violation in Higgs setor is assumed. However, some MSSM parameter sets result in the
lightest higgs, h, having ouplings similar to those of the SM Higgs boson (SM-like se-
narios). In suh ases the Higgs-boson mass onstraints are similar to those obtained in
the SM.
11
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Figure 2.1: The result of the SM t to the preision eletroweak measurements [38℄. The
∆χ2 = χ2−χ2min value is presented as a funtion of the Higgs-boson mass (here denoted as
mH). The best agreement is found forMh ≈ 126 GeV, and with 95% C.L. the upper limit
on Mh is 280 GeV. Exluded mass range from diret searhes at LEP, Mh < 114.4 GeV,
is indiated in yellow. The band represents the theoretial unertainty due to missing
higher order orretions.
2.4 Prospets for Higgs-boson measurements
If the mass of the SM Higgs boson is around 115 GeV it is still possible that it will
be disovered at the Tevatron. However, only future mahines will have suient higgs
prodution rates to measure preisely the mass and ouplings of the Higgs boson(s). All
large aelerator projets aim at measurements of the Higgs-boson properties from whih
the fundamental one is the mass,Mh, being at the same time the only unknown parameter
in the SM. Measurements of other parameters desribing the Higgs boson (total and partial
widths, branhing ratios, spin, parity) are onsidered as the ruial tests of the SM and
its extensions. Below the estimated preisions of future measurements are summarized,
in the expeted order of appearane.
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Large Hadron Collider
At the Large Hadron Collider (LHC), whih should beome operational in 2007, Higgs
boson(s) will be produed in proesses of gluon fusion (about 80% of the SM Higgs-boson
prodution rate for Mh < 2MZ) and W boson fusion. Both experiments, ATLAS and
CMS, have presented detailed studies showing that the SM Higgs boson will be disovered
at LHC if it is lighter than about 1 TeV. The Higgs-boson mass an be measured with
preision about 0.1% for Mh . 400 GeV [40℄.
Various ratios of Higgs partial widths an be determined with preisions about 1020%,
assuming integrated luminosity of 100 fb
−1
[41℄. For heavy SM higgs, Mh & 250 GeV,
also its total width, Γh, an be measured as it beomes larger than the experimental mass
resolution [40℄. The heavy MSSM Higgs bosons, A and H , will be observed at the LHC
for most of the allowed MSSM parameter spae. However, there is a region of MA− tanβ
values where the LHC may not be able to disover heavy MSSM Higgs bosons. This is
the so alled LHC wedge overing MA > 200 GeV and tanβ ≈ 410.
Linear e+e− Collider
Aording to the urrently proposed shedule, the e+e− International Linear Collider
(ILC) an beome operational in 2015. Two proesses ontribute to the Higgs-boson
prodution at the ILC: Higgs-strahlung and vetor boson fusion. For the SM Higgs
boson with mass in the range Mh ≈ 115180 GeV the expeted preision of the mass
measurement an be better than 0.05% [9℄. As the bakground is muh smaller than at
the LHC, Higgs-boson branhing ratios an be determined with muh better preision
and in the model-independent way. Branhing ratios BR(h→ γγ) and BR(h→ bb¯) may
be determined with auray of about 10% and 1.5%, respetively, after one year of ILC
running at nominal luminosity [42, 43℄.
Experiments after LHC and LC
After LHC and ILC measurements there will still be some properties of the Higgs-boson(s)
whih are poorly known and should be determined with greater preision at other experi-
ments. One of the interesting quantities is the γγ partial width, Γ(h→ γγ) = Γh BR(h→
γγ). As already mentioned in Chapter 1, measurement of partial width Γ(h → γγ) is of
speial importane as it is sensitive to all harged partiles whih have mass generated
by the Higgs mehanism. Due to the so-alled non-deoupling eet ontributions of the
heavy harged partiles to the h → γγ loop are nite even in the limit of innite mass
of the partile. Thus, the measurement of Γ(h → γγ) an indiate existene of partiles
whose diret prodution will be impossible in available aelerators.
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Figure 2.2: Ratio of the higgs → γγ deay widths in the 2HDM and the SM as a
funtion of the higgs mass, Mh,H , for solutions A (left) and B (right) [47℄. The yellow
bands orrespond to the unertainties expeted at Mh,H = 120 GeV.
In the MSSM, the loop indued oupling is sensitive to ontributions of supersymmetri
partiles [44, 46, 45℄: hargino and top squark loops an lead even to 60% dierene
between the SM and the SUSY ouplings. Senarios, in whih all new partiles are very
heavy, may be realised not only in the MSSM but also in other models with extended
Higgs setor, for example in the Two Higgs Doublet Model (2HDM). In this ase the two-
photon width of the Higgs boson will dier from the SM value due to the ontributions of
the heavy harged Higgs bosons, even if all diret ouplings to gauge bosons and fermions
are equal to the orresponding SM ouplings. Dierent realizations of the 2HDM have
been disussed in [47℄. Assuming that the partial widths of the observed Higgs boson to
quarks, Z or W bosons are lose to their SM values (SM-like senario), three dierent
ombinations of ouplings are possible. Fig. 2.2 shows deviations of the two-photon Higgs
width from the SM value for the three SM-like solutions onsidered in [47℄. For solution
Bu one expets signiant deviation from the SM preditions sine, as ompared to the
SM, there is a hange of the relative sign of the top-quark and the W ontributions.
Consequently, for solution Bu the higgs → γγ width is signiantly larger than in the
SM, where these two ontributions partly anel eah other. However, deviation due to
the harged Higgs-boson ontribution only (solution A) is muh smaller, of the order of
510%, and the measurement with preision at the level of a few perent is required.
The mahine best suited for the measurement of the Higgs boson two-photon width
is a photon ollider. All photon ollider proposals (within TESLA, NLC, GLC and CLIC
projets) emphasize the feasibility of a very preise Γ(h → γγ) measurement. For the
14
light SM-like Higgs boson the most promising proess is γγ → h → bb¯ due to the very
high branhing ratio BR(h→ bb¯). The measurement of the ross setion for this proess
has been studied in detail and is the main subjet of this work. One has to note that the
nal results on Γ(h→ γγ) from a photon ollider must rely on BR(h→ bb¯) measurement
from other experiment  this branhing ratio should be determined at LC with preision
of around 1.5% [43℄. Measurements of Γ(h→ γγ)BR(h→ bb¯) at the Photon Collider and
of the branhing ratios BR(h→ γγ) and BR(h→ bb¯) at the e+e− ollider an be used to
determine the total Higgs width, Γh, in a model independent way.
The quantity Γ(h → γγ)BR(h → γγ) ould also be unfolded from the ross setion
measurement for the proess γγ → h→ γγ. Unfortunately this proess has a very low rate
due to small γγ branhing ratio. Moreover, in addition to a one-loop bakground proess
γγ → γγ also 'mahine' bakground eγ → eγ must be onsidered. Even with optimisti
assumptions about angular overage (down to 3
◦
) and high granularity of alorimeter the
preision of the measurement has been estimated to be of the order of 30% [45℄. Therefore
this measurement annot be onsidered as an alternative to the analysis of the proess
γγ → h→ bb¯.
The Photon Collider (PC) seems to be the only mahine allowing preise measurement
of Γ(h→ γγ). However, physis potential of the PC is muh reaher and omplementary
to that of the LHC and the ILC. For Higgs setor itself many interesting measurements
an be onsidered:
• CP -parity of the Higgs boson. The CP-parity of the Higgs boson an be determined
in a model independent way from analysis of angular orrelations in 4-fermion deays
h→ W+W− → 4j and h→ ZZ → 2j 2l [48℄. Similar measurements have been also
proposed for LHC and ILC.
• Phase of the h→ γγ oupling. In addition to Γ(h → γγ), preise measurements
at the PC are also sensitive to the phase of the h → γγ amplitude, φhγγ. The
phase φhγγ an be extrated from the measurement of the interferene between the
resonant higgs prodution proesses γγ → h→W+W− and the bakground proess
γγ →W+W− [49℄. It turns out that for higgs mass of the order of 300400 GeV the
phase φhγγ is more sensitive to possible ontributions of heavy harged salar partile
than Γ(h → γγ). Only by ombining Γ(h → γγ) and φhγγ measurements at the
PC with those at the LHC and at the LC unique determination of the Higgs-boson
ouplings and distintion between various models will be possible.
• Charged Higgs-bosons prodution. For intermediate values of tan β the harged MSSM
Higgs boson, H±, may not be disovered at the LHC, if its mass is greater than
∼ 150 GeV [7, 8℄. In the photon ollider H+H− pairs an be produed in QED
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proess and the mass reah for disovery an be extended up to ∼ 300 GeV (if run-
ning at
√
see = 800 GeV). At the e
+e− LC, running with
√
see = 800 GeV, almost
an order of magnitude smaller number of higgs pairs ould be produed during the
same time due to smaller ross setion [9, 1℄.
The seond generation e+e− linear ollider projet for whih the feasibility study is
still in progress is CLIC [50℄. At this aelerator multi-TeV energies will be obtained, and
the wider range of masses will be aessible for new-partile searhes. The photonphoton
ollision mode has been proposed for this mahine as well, but the detailed physis ase
studies are still missing.
Opportunity of studying elementary partile ollisions at multi-TeV energies is the
main reason for onsidering the next generation projet of a muon ollider. As muons
lose muh less energy via bremsstrahlung than eletrons a irular aelerator option is
preferable even for muh higher beam energies than those aessible at LEP2. Cirulating
beams would allow the operation with high luminosity. However, progress must still be
made in formation of high-intensity µ-beams with low emittane. At the muon ollider
the same hannels ould be used for Higgs-boson measurements as at e+e− ollider but
with extended mass reah. Moreover, the s-hannel prodution in the proess µµ→ higgs
has ross setion suient for preision measurements due to higher mass of the muon
[51℄. As the energy spread of muon beam is expeted to be negligible, energy san at
the muon ollider would result in determination of the Higgs-boson mass and width with
preision of the order of 2 MeV.
Constrution of a photon ollider based on the muon ollider is also possible. Unfor-
tunately the high mass of the muon is a problem in this ase. The maximal energy of
photons from Compton baksattering would be very small ompared to the beam en-
ergy, e.g. the maximal photon energy would be only around 75 GeV at 20 TeV µ-beam as
ompared to about 400 GeV for 500 GeV eletrons with the same laser setup
5
.
5
Laser parameters of the TESLA Photon Collider design are assumed.
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Chapter 3
Collider and detetor
3.1 The TESLA Linear e+e− Collider
Results presented in this thesis are based on the design and mahine parameters of the
TESLA (TeV-Energy Superonduting Linear Aelerator) e+e− ollider [52℄. Aelera-
tor design is based on the superonduting tehnology, reently aepted by International
Tehnology Reommendation Panel as the best suited for the ILC projet [5℄. Eah of
the two linear aelerators, whih aelerate e+ and e− towards the interation region,
will onsist of around 10000 one-meter-long superonduting avities. Cavities made from
niobium and ooled to temperature of 2 K an provide aelerating eld with gradient well
above 35 MV/m. As the average gradient equal to 23.4 MV/m is required for operation
at the nominal total ollision energy of 500 GeV, the opportunity emerges to inrease the
mahine reah up to 800 GeV or even 1 TeV. With dumping rings and other additional a-
elerator omponents the total length of the mahine is 33 km. Main mahine parameters
are listed in the table 3.1.
Desription of the parameter Value of the parameter
Aelerating gradient 23.4 MV/m
No. of aelerating strutures 21024
Train repetition rate 5 Hz
No. of bunhes per train 2820
Bunh spaing 337 ns
No. of e−(e+) per bunh 2 · 1010
Beam size at IP (σx;σy) 553 nm; 5 nm
Bunh length at IP (σz) 0.3 mm
Luminosity 3.4 · 1034 m−2s−1 = 34 nb−1s−1
Luminosity per year 340 fb
−1
y
−1
Table 3.1: Main parameters of TESLA Linear Collider for the 500 GeV design. One
aelerator year [y℄ is assumed to be equal to 10
7
s.
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3.2 A photon ollider as an extension of the LC
Future linear e+e− olliders oer unique opportunities to study photon-photon inter-
ations if the idea of a photon ollider is realized. In this option the energy of the
primary eletron-eletron
1
beams is transfered to photons in the proess of Compton
bak-sattering [53℄. Assuming the beam eletron ollides with one laser photon head-on,
the highest energy of the sattered photon, Emax1γ , is equal to:
Emax1γ =
x
x+ 1
Ee + pe
2
,
where x =
2EL(Ee + pe)
m2e
.
EL, Ee, pe and me are the energy of laser photon, the energy of beam eletron, its
momentum and mass, respetively. As the energy of primary eletrons will be of the
order of 100 GeV, one an use an approximation pe ≈ Ee. In this ase the simplied
formulae are obtained:
Emax1γ =
x
x+ 1
Ee ,
x =
4ELEe
m2e
.
Collision of a high energy photon from Compton bak-sattering with a laser photon in
the onversion region an result in reation of e+e− pairs. This proess would signiantly
limit the γγ-luminosity as its ross setion is omparable with that of the Compton
sattering. Therefore, it is preferable to selet laser parameters suh that the threshold
for e+e− pair reation is not reahed. The ondition whih has to be imposed on the
invariant mass of two photons is:
√
sγLγmax1 = 2
√
ELEmax1γ < 2me.
This is equivalent to the requirement: x < xthr = 2 + 2
√
2 ≈ 4.83.
Leading order Compton ross setion formula indiates that the approximate monohro-
matiity of the γ beams an be ahieved for high polarizations of olliding eletrons and of
laser photons. Figures 3.1 and 3.2 show the expeted distributions of prodution probabil-
ity and of the irular polarization of high-energy photons, Pγ, as a funtion of the photon
energy relative to the primary eletron energy, y = Eγ/Ee, for various ombinations of
laser photon polarization, Pc, and eletron polarization, Pe. With the hoie Pe = 1 and
Pc = −1 most of the bak-sattered photons have energies lose to Emax1γ and are highly
1
For the photon ollider positron beam is not needed. Moreover, use of two eletron beams has
important advantages: higher photon polarization and redued bakgrounds in the interation region.
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Figure 3.1: Probability distributions for prodution of photon with relative energy
y = Eγ/Ee. Results for various ombinations of laser and eletron polarizations, Pc and
Pe, are shown.
polarized.
In the laboratory frame photons from Compton bak-sattering are strongly boosted
in the eletron-beam diretion. The angular distribution has the width orresponding to
the harateristi angle θch ≈ 1/γe where γe is the relativisti fator for the beam eletron,
γe = Ee/me. For Ee = 250 GeV one obtains θch ≈ 2 µrad, i.e. the photon beam is strongly
ollimated along the inident eletron beam diretion. Therefore, two high energy photon
beams produed in Compton bak-sattering an be ollided head on in the setup shown
in Fig. 3.3. As the distane between onversion point (CP) and interation point (IP), b,
will be of the order of 3 mm, one an see that the additional spread of the photon bunh
will be only about 6 nm whih is muh smaller than the transverse size of the e−-bunh in
the x diretion and omparable with the e−-bunh size in the y diretion. Therefore, the
γγ-luminosity will be of the same order of magnitude as the e−e− geometrial luminosity.
Studies of the eets present in the onversion and interation points revealed that
also the following orretions should be inluded in a desription of γγ-luminosity spetra:
1. Correlations between energy and sattering angle of Compton photons. As more
energeti photons satter with smaller angles, high-energy photons in the 'ore'
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Figure 3.2: Cirular polarization of sattered high energy photons, Pγ, as a funtion of
relative photon energy, y = Eγ/Ee. Results for various ombinations of laser and eletron
polarizations, Pc and Pe, are shown.
of the beam ollide with high-energy photons of the opposite beam with greater
probability than with low-energy photons forming beam 'halo'. Thanks to this eet
high-Wγγ part of γγ-luminosity is enhaned in omparison to the simple onvolution
of both spetra [58℄.
2. An eetive inrease of the eletron mass due to its transverse motion in the strong
eletromagneti eld of the very intense laser beam: m2e → meff = m2e(1 + ξ2).
Here the ξ parameter is related to the strength of the eletromagneti eld in the
onversion region and is used to desribe nonlinear eets.
3. Sattering of eletrons on two laser photons: e− + 2γL → e− + γ. Interations with
three and more laser photons are supposed to be negligible.
4. Interations of laser photons with eletrons whih already sattered one or more
times.
5. Nonlinear e+e− pair reation γ + nγL → e+e− whih should be taken into aount
even for x < xthr.
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Figure 3.3: A basi sheme of the photon ollider [54℄. Primary eletrons satter on the
laser photons (region C) at the distane b from the interation point (IP). High-energy
photons produed in the Compton bak-sattering follow the eletron-beam diretion and
ollide with photons oming from the opposite side.
6. Coherent e+e− pair reation by a high energy photon in the eletromagneti eld
whih is present in the interation point.
Before the interation point, to minimize some of aforementioned eets, the possibility
was studied to remove eletrons from the beam with speial magnets. For a design with
b ≈ 1 m a small magnet was foreseen with magneti eld B = 5 kG deeting eletrons
before the IP. However, in the urrent design, optimized for highest luminosity, this is no
longer possible due to the short distane of 3 mm between onversion point and IP.
The nite beams-rossing angle at the interation point, with rab-wise tilted ele-
tron bunhes [59℄ has been reently aepted as the solution for the linear ollider. This
is a preferred sheme for a photon ollider beause the removal of high-energy-photon
bunhes after the interation would be very diult with ollinear beams. Crab-rossing
solution preserves the same luminosity as for head-on ollisions. However, eletromag-
neti interation between beams must be inluded in the full simulation of γγ-luminosity
beause primary eletrons are traversing through interation point.
The more omplete desription of proesses outlined here and other eets inuening
γγ-luminosity spetra an be found in [55℄.
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3.3 The Photon Collider at TESLA
Aording to the urrent design of the Photon Collider at TESLA [1℄, the energy of
the laser photons is assumed to be xed for all eletron-beam energies. Laser photons
are assumed to have irular polarization Pc = −1, while longitudinal polarization of
eletrons is Pe = 0.85. This onguration of polarizations orresponds to the energy
spetra of bak-sattered photons peaked at high energy (see Fig. 3.1). With the same
hoie of parameters for eah beam we maximize probability that two high-energy photons
will ollide with the same polarization, i.e. in the state with total angular momentum, J ,
equal to zero, so a spinless resonane an be produed.
To prot from the peaked γγ-luminosity spetra the energy of primary eletrons has
to be adjusted in order to enhane the resonane prodution signal at a partiular mass.
The use of a by-pass for eletron beams is onsidered if the energy muh lower than the
nominal one is required. In this ase the luminosity will be approximately proportional
to the beam energy, L ∝ Ee.
3.3.1 Photonphoton luminosity spetra
As desribed in 3.2, the γγ-luminosity spetrum is inuened by many various eets.
To take them properly into aount, a dediated program for detailed beam simulation
for the Photon Collider at TESLA has been developed [56℄. Large samples of γγ events
were generated at seleted energies and are available for further analysis. The simulated
photon-photon events were diretly used in this analysis when a proper desription the
low energy tail of the spetrum was ruial, e.g. for the so-alled overlaying events
2
.
However, in the high-energy part of the γγ spetrum, i.e. for Wγγ > 0.3W
max1
γγ , where
Wmax1γγ = 2E
max1
γ , the results of the full simulation are well desribed by the CompAZ
parametrization [57℄. The subroutines of the CompAZ pakage were used when on-
tinuous desription was neessary. For example, in ase of a very narrow resonane
prodution the full simulation provides only a few γγ events in the region of interest per
one million of simulated photon-photon ollisions. Hene, analytial approah is muh
more eient. Also the NLO QCD program used for generating γγ → QQ¯(g) events
required a funtional desription of the luminosity spetrum for a proper alulation of
the ross setion.
This analysis is based on the realisti γγ luminosity simulation for the Photon Collider
at TESLA [1℄. Some earlier studies of Higgs-boson prodution in the proess γγ →
higgs → bb¯ assumed other laser parameters and/or ideal γγ-luminosity spetrum (i.e.
spetrum orresponding to the LO Compton ross-setion formula) [22, 23, 24℄. The
ideal spetrum, used in [23℄, is ompared with CompAZ parametrization of the realisti
2
See Setion 4.4 in Chapter 4.
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Figure 3.4: Photonphoton luminosity spetra used in the analysis of the SM Higgs-
boson prodution with mass Mh = 120 GeV, as a funtion of the invariant mass of the
two olliding photons Wγγ . The spetrum obtained from CompAZ parametrization is
ompared with the lowest order QED preditions for the Compton sattering, used in the
earlier analysis (lines). The total luminosity distribution (Jz = 0,±2) and the Jz = 0
ontribution are shown, separately.
beam simulation results in Fig. 3.4. As an be seen, the ideal spetrum would be
more advantageous for the narrow-resonane prodution. Additional eets, whih have
to be taken into aount in the realisti study, inrease the ontribution of low energy
γγ ollisions and make the high energy peak wider. Moreover, the leading order results
for Compton proess assume x = 4.8 whereas xed laser wave length is assumed in the
present design for the whole energy range of eletron beams, resulting in x parameter
values smaller than the optimum value used in an ideal spetrum. Therefore, results
obtained in this analysis, using the realisti spetra desription, should not be diretly
ompared to results obtained with ideal spetra.
Details of theWγγ-spetrum obtained with CompAZ for
√
see = 210 GeV are shown in
Fig. 3.5. Contributions from two polarization ombinations are indiated separately, i.e.
Jz = 0 and |Jz| = 2 where Jz is the total γγ angular momentum projeted on a ollision
(z) axis.3 The suppression of |Jz| = 2 luminosity an be learly seen in the high-Wγγ
3
The oordinate system used in this doument is a right handed system, with the z-axis pointing in
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part of the spetrum. The threshold at Wmax1γγ = 131 GeV, expeted for ollisions of two
photons produed in the lowest order Compton sattering, is not sharp. There is a tail
of ollisions involving two photons from the seond order proess e− + 2γL → e− + γ for
whih the highest possible energy is around 161 GeV. The intermediate struture emerges
from mixed ollisions with photons originating from dierent sattering proesses.
If not stated expliitly otherwise, the results presented in this work are obtained for an
integrated luminosity expeted after one year of the TESLA Photon Collider running [56℄.
In Table 3.3.1 the total photon-photon luminosity per year, Lγγ , is shown for dierent
eletron beam energies. Also shown are: the Higgs-boson mass orresponding to the max-
imum of Jz = 0 luminosity spetrum for given beam energy, and the expeted luminosity
in the high energy part of the spetrum, i.e. for Wγγ > W
min
γγ where W
min
γγ = 0.5W
max1
γγ .
3.3.2 Collision region
The e−e− beams used in the photon ollider will have similar geometrial parameters as the
e+e− beams of LC (they will be produed in the same damping rings, ompressed by the
same ompression system et.). However, beamstrahlung due to beam-beam interations
is not present and the e−e− beams an be foused on a smaller area at the interation
point (IP). For
√
see = 200 GeV eletron bunhes are assumed to have: σx = 140 nm,
σy = 6.8 nm and σz = 0.3 mm. The longitudinal (z) photon-beam bunh size at the
photon ollider is approximately the same as the orresponding size of an eletron bunh.
the diretion of the eletron beam in the e+e− mode, and the y-axis pointing upwards. The polar angle θ
and the azimuthal angle φ are dened with respet to z and x, respetively, while r is the distane from
the z-axis. When desribing seletion proedure the angle with respet to the beam diretion is limited
to 0 ≤ θ ≤ π/2.
√
see [GeV℄ Mhiggs [GeV℄ Lγγ [fb
−1
℄ Wminγγ [GeV℄ Lγγ(Wγγ > W
min
γγ ) [fb
−1
℄
211 120 410 65 111
222 130 427 70 116
234 140 447 75 121
247 150 468 81 126
260 160 489 86 132
305 200 570 106 150
362 250 683 131 173
419 300 808 157 196
473 350 937 182 216
Table 3.2: Luminosity per year expeted for the Photon Collider running at given
√
see.
One aelerator year [y℄ is assumed to be equal to 10
7
s. Also shown are: the Higgs-
boson mass, Mhiggs , orresponding to the maximum of the Jz = 0 luminosity, and the
expeted luminosity in the high energy part of the spetrum, i.e. for Wγγ > W
min
γγ where
Wminγγ = 0.5W
max1
γγ .
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Figure 3.5: CompAZ parametrization of the photonphoton luminosity spetra for√
see = 210 GeV as a funtion of the invariant mass of two olliding photons Wγγ . The
total luminosity and ontributions with Jz=0 and Jz = ±2 are shown.
However, as a distane of b = 2.6 mm is foreseen between CP and IP, transverse sizes of
the photon bunh will be greater than that of the eletron bunh due to the angular spread
of the Compton sattering. This aets distribution in the y diretion, as an additional
spread is of the order of σy, but it does not inuene the x-size of the bunh (σx ≫ σy).
For two head-on olliding bunhes, whih have Gaussian distribution with equal vari-
anes (and the same speed), the spaial distribution of ollision probability follows 3-
dimensional Gaussian distribution with all three varianes two times smaller than orre-
sponding bunh parameters, i.e. σ′2a = σ
2
a/2 (a = x, y, z).
Transverse dimensions of a photon bunh derease slightly with
√
see. For
√
see =
200-800 GeV x and y dispersions of the photon bunh are 140-70 nm and 15-5 nm,
respetively. Vertial dimension of IP density, σ′y = σy/
√
2, is about 10 nm or smaller,
so distribution in this diretion is too narrow to inuene the event reonstrution and
an be safely negleted. So would be the horizontal dimension σ′x if the beams ollided
head-on. However, the rab rossing sheme results in modied ollision density in the
horizontal diretion. This eet is shematially shown in Fig. 3.6. Assuming that beams
ollide with relative angle αc = 34 mrad, the x-size of ollision region is given by the
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αc /2 αc /2
z
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Figure 3.6: A sheme of the rab-wise bunhbunh ollision with the relative angle αc
between beams. Bunhes (the blue ellipses) are tilted to preserve the luminosity. The
resulting primary vertex distribution, with σ′z < σz and σ
′
x > σx, is shown (the red
ellipse).
following formula:
σ′x =
√
1
2
(σ2x + σ
2
z tan
2
αc
2
)
This gives, for all onsidered ollider energies, σ′x ≃ 3.6 µm. This value is around 36 times
greater than the spread σx/
√
2 expeted in ase of ollinear beams and omparable to the
preision expeted in the vertex position reonstrution. Therefore horizontal spread of
the interation point position annot be negleted.
For the analysis presented in this thesis the longitudinal size of the ollision region
is most important. As this is of the order of 100 µm, we an expet that additional
traks and lusters due to overlaying events (resulting in additional vertexes, hanged
jet harateristis et.) an inuene the avour-tagging algorithm and aet the event
seletion. Therefore, generation of all event samples used in the desribed analysis took
into aount the Gaussian smearing of primary vertex with σ′x = 3.6 µm, σ
′
y = 11 nm and
σ′z = 0.21 mm, and the beams rossing angle in horizontal plane, αc = 34 mrad.
3.4 The detetor at TESLA
The basi design of the TESLA detetor for the Photon Collider is the same as for the e+e−
TESLA mode. However, some modiations are needed due to the more ompliated beam
delivery system, inluding optial system whih guides the laser beams to the onversion
point. To protet detetor omponents against the high-intensity low-angle radiation
4
the tungsten mask is plaed between the beam system and the detetor. In ase of the
4
Bakground arises from synhrotron radiation and from upstream or downstream soures of γ, e+,
e− and n.
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Figure 3.7: A sheme of one quadrant of the TESLA Detetor [60℄. Dimensions are in
mm.
e+e− ollider the opening angle of the mask is θmask = 83 mrad. Partiles produed at
smaller angles will not enter the detetor. In ase of the Photon Collider the value of
θmask = 130 mrad (7.5
◦
) has been hosen as more spae is required for optial system
and beams removal. This results in moderate loss of hermetiity in omparison with the
e+e−-detetor. Moreover, in ase of the e+e−-detetor two forward alorimeters (Low
Angle Tagger and Low Angle Calorimeter) are foreseen whih together over the region
down to around 5 mrad. These omponents will not be installed in the Photon Collider
option.
In the following, main omponents of the detetor for the Photon Collider are de-
sribed. The desription is based on the TESLA Tehnial Design Report (TDR) [60℄
and the manual for the fast-simulation program Simdet [61℄. For many detetor om-
ponents dierent hoies of tehnology and/or design were onsidered in the TDR. We
disuss only these solutions whih have been implemented in the Simdet program and
an be used to simulate the response of the detetor. Beause all proposed designs are
expeted to fulll performane standards desribed in the TDR one an assume that our
physial results should not worsen if alternative designs of the onsidered subdetetors
are inluded in the nal projet.
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The shemati view of the TESLA detetor is shown in Fig. 3.7. The detetor losest
to the interation point is a multi-layer mirovertex detetor with a total length of around
30 m. Currently at least two tehnologies are onsidered for this detetor: harge-oupled
devies (CCD) and ative pixel sensors (APS). In this work the CCD-based option is used.
It has well-dened geometry, material budget and the highest established performane in
terms of preision over a wide range of inident angles (for devies of the dimensions
needed for this appliation, i.e. tens of m
2
), and only for this version the fast-simulation
program provides a parametrized trak ovariane matrix whih is ruial for the realisti
avour tagging simulation. With this design preision of the position measurement of 3.5
µm an be ahieved. 5 To obtain a good reonstrution eieny at least three detetor
layers are proposed so that, together with the silion traking subsystem (SIT), at least
ve silion layers inside the TPC are available.
In addition to the vertex detetor a traker system onsists of intermediate silion
traking detetors (SIT), a large Time Projetion Chamber (TPC) and forward ham-
bers. Silion traking subsystem inludes ylinders in the barrel (SIT) and disks in the
forward region (FTD). In the barrel region two layers of silion strip detetors over the
region down to θ = 25◦. One of the ylinders, at r = 16 m, improves the trak reon-
strution eieny mostly for long-lived partiles whih deay outside the vertex detetor.
Three pixel and four strip silion detetors with point resolutions of 10 µm and 50 µm,
respetively are plaed on eah side, in the forward region (the endaps). The main role
of these detetors is to improve the momentum resolution for traks by adding a few very
preise spae points at omparatively large distane from the primary interation point,
and to help the pattern reognition in linking the traks found in the TPC with traks
found in the vertex detetor.
The entral traking system onsists of two gas-lled hambers: a large volume time
projetion hamber (TPC) and a preise forward traking hamber (FCH) loated between
the TPC endplate and the endap alorimeter. The TPC, with 200 readout points in
the radial diretion (r = 32170 m), provides a very preise measurement of a trak
urvature, whih is used in the determination of partile momentum. Beause of the
high magneti eld of 4 T the minimal transverse momenta of a partile required to
enter and traverse the TPC are around 200 MeV and 1 GeV, respetively, if the partile
harge is equal to the eletron harge. Preise measurement of the spei energy loss
in the TPC an be also used for partile identiation. For traks traversing the TPC
at large polar angles the expeted errors on the transverse momentum and the energy
loss measurements are σ(1/pT ) ≈ 0.02%/GeV and σ(dEdx )/dEdx ≈ 5%, respetively. For
example, in ase of a harged partile with energy of 20 GeV at the polar angle of 90
◦
the
5
CCD vertex design implemented in Simdet assumes the radius of the innermost layer of 1.5 m,
whih is the optimum hoie for e+e− based on the bakground onsiderations. In ase of the Photon
Collider the inner radius of the vertex detetor will probably have to be inreased to about 2 m.
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momentum resolution is about 80 MeV. From ionisation losses the separation of kaons and
pions should be possible in the momentum range from 2 to 20 GeV. Eletron identiation
will be improved ompared to what an be done with alorimeters alone, espeially for
low momenta (p . 3 GeV) where alorimetri identiation is diult.
Overall traking system performane, when the trak parameters are determined from
ombining vertex detetor, SIT and TPC measurements, shows a very high preision of
transverse momentum determination σ(1/pT ) ≤ 0.005%/GeV if systemati errors ≤ 10
µm for point position measurements are ahieved. It is worth notiing that the overall
momentum-resolution has been improved by about 30% by adding a ylindrial silion
detetor (SIT) inside the TPC, i.e. at r = 30 m.
A traking eletromagneti alorimeter (ECAL), build of tungsten absorber plates and
thin silion sensors, is plaed behind the TPC. The expeted energy resolution σE/E is
around 1114%/
√
E/GeV, depending slightly on the energy. The projet assumes very
high 3D granularity of this detetor, allowing measurement of the partile momentum
diretion. A hadroni alorimeter (HCAL) is an iron/sintillating tile alorimeter with
ne transverse and longitudinal segmentations. The energy resolution for single hadrons,
estimated from simulation of hadroni showers in both alorimeters (HCAL+ECAL), is
6
σE/E = 35%/
√
E/GeV⊕ 3%.
A large superonduting oil, 6 m in diameter, produes a eld of 4 T with very high
uniformity (≤ 10−3). The oil is plaed behind alorimeters to preserve high preision of
energy measurement, reduing the amount of inative material in front of the alorimeters.
The iron return yoke serves also as a muon separator, absorbing other partiles esaping
from the HCAL.
For muon hambers, whih are plaed inside the yoke and behind it, resistive plate
hamber (RPC) tehnology is onsidered. Although the basi task for a muon detetor is
to identify muons, it is also possible to use the inner muon hambers as the tail ather,
i.e. to detet hadroni asades whih are not fully ontained in the hadroni alorimeter.
Full eieny of muon identiation is reahed for muons with energy above 5 GeV.
The total length and the diameter of the detetor will be around 15 m eah. In gen-
eral, the detetor is designed to measure partiles properties with a very high auray
in the ollision energy range from about 90 GeV up to 1 TeV. Eletrons below 150 GeV,
muons and harged hadrons are best measured in the traking detetors. Eletrons above
150 GeV and photons by the eletromagneti alorimeter and neutral long-living hadrons
by the ombined response of the eletromagneti and hadroni alorimeters. In the event
reonstrution the so-alled energy-ow tehnique will be used whih ombines the infor-
mation from traking system and alorimeter to obtain the optimal estimate of the energy
ow of produed partiles and of the original parton four-momenta. For the energy-ow
6
The operator ⊕ means adding in quadrature: a⊕ b ≡ √a2 + b2
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objets an average energy resolution of σE/E ≃ 30%/
√
E/GeV is expeted.
Due to the sparse beam struture (a long time interval of 199 ms between two bunh
trains, a separation of two bunhes inside a train by 337 ns, a train length of 950 µs) no
hardware trigger is foreseen. A total data volume of roughly 300 TByte per year will be
stored for physial analyses.
3.4.1 Simulation setup
The fast simulation program for the TESLA detetor, Simdet version 4.01 [61℄, was
used to model the detetor performane. All detetor omponents are implemented in
the program aording to the TESLA TDR. Parametrizations based on the full simula-
tion of detetor performane with the Brahms program [62℄ are used to desribe energy
and angular resolutions. The trak reonstrution eieny and harge misinterpretation
probability are momentum dependent. An energy-ow algorithm is used to link infor-
mation from traking system and alorimeters. In the rst stage energy deposits in the
alorimeters are joined into lusters. Then energy ow objets are dened by linking
lusters with traks reonstruted in the traking system
7
. For the reonstruted partile
traks a trak ovariane matrix is alulated in the base: xy, z, θ, φ, 1/pT .
Beause two forward alorimeters, Low Angle Tagger and Low Angle Calorimeter,
annot be installed in the detetor at the PC, they are not used in our simulation setup.
Also the information about energy loss measured in the TPC, whih is not properly simu-
lated yet, is not used for partile identiation. Instead, an appropriate misidentiation
probability is assumed for eah partile speies.
Within the urrent Simdet version it is not yet possible to set a wider opening angle
of the forward mask as required for the Photon Collider. To take the modied mask
setup into aount all generator-level partiles are removed from the event reord, before
entering the detetor simulation, if their polar angle is less than θmask = 130 mrad.
7
In the urrent Simdet version the idealised pattern reognition is still used, i.e. lusters are linked
with traks relying on the information about originally generated partiles.
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Chapter 4
Signal and bakground
In this Chapter the signal and bakground proesses, and methods used in their simulation
are desribed. The signal of the Higgs-boson prodution onsidered in this thesis is the
proess γγ → higgs → bb¯, whereas the main bakground proesses are γγ → bb¯ and
γγ → cc¯. The bb¯ pair prodution is an irreduible bakground whih an be suppressed
only by kinemati uts. The cc¯ pair prodution ontributes to the bakground due to the
nite probability of being tagged as the bb¯ pair prodution. Bakground ontributions
from light quark and tau pair prodution, γγ → qq¯/τ+τ− (q = u, d, s), are also onsidered.
The proess γγ → hadrons is desribed in detail due to its ontribution to overlaying
events. For heavy Higgs bosons, Mhiggs & 160 GeV, also the proess γγ → W+W− is
taken into aount. The underlying statistial priniples used to desribe the possibility
of having more than one ollision in single bunh rossing, and used in generation of the
overlaying events are desribed in Appendix A.
4.1 Signal proesses
As the Higgs boson is a spinless partile, the distribution of its two-body deay produts
is uniform in the three-dimensional spae (in the Higgs-boson rest frame). In spherial
oordinates the distribution is uniform in cos θ∗ and φ∗, where θ∗ and φ∗ are polar and
azimuthal angle, respetively. In the Photon Collider higgs will be produed in ollisions of
photons whih will have, in general, dierent energies. Thus, the enter of mass system will
be boosted with respet to the laboratory frame, resulting in a non-uniform distribution in
cos θ, where θ is the polar angle in the laboratory frame. However, as already mentioned
in setion 3.3.1, energy of the eletron beam is assumed to be tuned for the highest
resonane prodution rate. It means that most ollisions will involve two photons with
high and similar energies as in all onsidered ases the resonane is narrow (the total width,
Γ
higgs
, is muh smaller than the width of the Wγγ-distribution in the high energy part).
Consequently, the Higgs boson will have small longitudinal momentum in omparison to
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Symbol µ [GeV℄ M2 [GeV℄ Af˜ [GeV℄ Mf˜ [GeV℄
I 200 200 1500 1000
II -150 200 1500 1000
III -200 200 1500 1000
IV 300 200 2450 1000
Table 4.1: MSSM parameter sets used in the desribed analysis.
the mass, and its deays will be nearly isotropi also in the laboratory frame.
Total widths and branhing ratios of the Higgs bosons were alulated with the pro-
gram Hdeay [70℄ (version 3.0), where higher order QCD orretions are inluded. The
mass of the top quark equal to 174 GeV was assumed. The ontributions from the deay
higgs → gg∗ → gbb¯ were not added to the branhing ratio BR(higgs → bb¯) as the kine-
matial harateristi of suh events is dierent from the diret deay to the bb¯ pair.1 For
the onsidered mass range between 120 and 160 GeV the total width of the SM Higgs
boson inreases from about 3.6 to 77 MeV, and its branhing ratios BR(h → γγ) and
BR(h→ bb¯) derease from 0.22% to 0.06% and from 68% to 4%, respetively, in the mass
Event generation for Higgs-boson prodution proess was done with the Pythia pro-
gram [71℄. A parton shower algorithm implemented in Pythia was used to generate the
nal-state partons. The fragmentation into hadrons was also performed using the Pythia
program, both for Higgs-boson prodution and for all bakground event samples.
In ase of the MSSM Higgs-boson prodution the analysis has been developed assuming
MSSM parameters similar to these used in [24℄, i.e. tanβ = 7, µ = ±200 GeV and
M2 = 200 GeV, taking into aount deays to and loops of supersymmetri partiles. The
parameter value tan β = 7 is used in the event generation and obtained results are resaled
to the parameter range tan β = 3− 20. In the following, parameter sets from [24℄ will be
denoted as I and III, see Tab. 4.1. Only the values of trilinear ouplings are hanged
(from A
f˜
= 0 to A
f˜
= 1500 GeV), so that the mass of the lightest Higgs boson, instead
of being around 105 GeV (for tan β = 4 and MA = 300 GeV) is above the urrent lower
limit for the SM Higgs boson, Mh > 114.4 GeV. Results for heavy neutral Higgs bosons
are the same as for parameter sets proposed in [24℄. The intermediate senario II with
µ = −150 GeV is also onsidered. For omparison with preditions presented by LHC
experiments, the senario IV used in [8℄ is also inluded. In all ases the ommon sfermion
mass equal to 1 TeV was assumed. We have heked that all parameter sets imply masses
of neutralinos, harginos, sleptons and squarks higher than urrent experimantal limits.
1
Inlusion of the deay higgs → gg∗ → gbb¯ does not hange the results of this analysis as BR(h →
bb¯) inreases only by around 1% for the SM ase, and for onsidered MSSM parameters BR(A/H →
gg)/BR(A/H → bb¯) . 1%. However, if events with only one b-tagged jet were aepted, one would have
to use inlusive branhing ratio BR(h→ bb¯+ . . . ), measured at the e+e− LC, to obtain nal results for
Γ(h→ γγ).
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Figure 4.1: The total ross setion for proess γγ → h → bb¯ for set I of the MSSM
parameters values (see text) with MA = 300 GeV and tan β = 7. The signal only, σS, and
interferene part, σI , are shown separately. As the other neutral Higgs bosons are narrow
and heavy, they do not inuene the h ross setion.
For the wide range of parameter values the heavy neutral Higgs bosons, A and H , are
nearly mass degenerate. The mass dierene MH −MA dereases with inreasing tanβ
and MA and is similar for all onsidered parameter sets. For MA = 200 GeV the mass
dierene dereases from MH −MA ≈ 12 GeV for tanβ = 3 to 0.7 GeV for tanβ = 15.
If MA = 350 GeV, the orresponding values are 6 GeV and 0.3 GeV. The mass dierene
is larger or omparable to the total widths of A and H whih vary between 50 MeV and
4 GeV. The branhing ratios relevant for this study hange between 3% and 90% for
BR(A/H → bb¯), and from 2 · 10−7 to 9 · 10−5 for BR(A/H → γγ).
Proesses γγ → H → bb¯ and γγ → A → bb¯ do not interfere2 (e.g. see [22℄ eq. 3.15),
and h − H interferene is negligible due to the large dierene in masses and relatively
small widths of the bosons. Therefore total γγ → A,H → bb¯ prodution rate is equal to
the sum of both ontributions.
However, for the omplete desription of the Higgs boson prodution we also have to
2
Although in general ase two proesses with A andH in the intermediate state (dierent CP quantum
numbers) an interfere. For example, there is interferene between hargino prodution proesses in γγ
ollisions via A and H : γγ → A,H → χ˜+i χ˜−j (e.g. see [22℄ eq. 3.59).
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Figure 4.2: The total ross setion for proess γγ → A,H → bb¯ for set I of the MSSM
parameters values (see text) with MA = 300 GeV and tan β = 7. The signal only, σS,
and interferene part, σI , are shown separately. As the light Higgs boson, h, has mass of
around 120 GeV and is narrow, it does not inuene the A,H ross setion.
onsider the interferene between γγ → higgs → bb¯ and non-resonant γγ → bb¯ prodution
proesses. The LO interferene terms for h and H/A prodution are shown in Fig. 4.1
and 4.2, together with the signal ross setions γγ → h → bb¯ and γγ → A,H → bb¯. For
all onsidered ases these terms are proportional to the real part of the propagator:
ℜ M
2
s−M2 +BMΓ =
M2(s−M2)
(s−M2)2 + (MΓ)2
As on average (the integral over Wγγ =
√
s) this expression is near to zero for small Γ
(of the order of Γ/M), the interferene ontribution an be safely negleted . However,
as disussed in the next setion, the NLO orretions substantially modify preditions for
heavy quark prodution. The NLO orretions for interferene term were alulated in
[22℄. As desribed in [22℄, after seletion uts the interferene term was below the level
of 10−3 of the signal. Although seletion uts were dierent than in our analysis, we
an infer the total orretion fator. The uts derease interferene ontribution by the
order of magnitude and the signal rate by about 50%. Thus, one an estimate that the
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interferene part ontributes no more than 1% of the total signal ross setion. Beause
this is smaller than other unertainties, we neglet the interferene term in this analysis.
4.2 Heavy quark prodution bakground
The main bakground for the onsidered signal proess, γγ → higgs → bb¯, is the heavy
quark-pair prodution. An irreduible bakground onsists of events with the bb¯(g) nal
state, resulting from 'diret' nonresonant bb¯ prodution, γγ → bb¯. In LO approximation
the ross setion for Jz = 0 is suppressed and the dominant ontribution is due to the
|Jz| = 2 state. This is very fortunate as the γγ-luminosity spetrum is optimized to give
highest Jz = 0 luminosity and the |Jz| = 2 omponent is small in the higgs-prodution
region. Unfortunately, NLO orretions ompensate partially the m2Q/s-suppression and,
after taking into aount luminosity spetra, both ontributions (for Jz = 0 and |Jz| = 2)
beome omparable. The extensive omparison of NLO and LO results an be found for
example in our work [27℄.
The other proesses γγ → qq¯(g), where q = u, d, s, c, ontribute to the reduible
bakground. However, one has to onsider these proesses due to the non-zero probability
of wrong avour assignment in reonstrution (impurity of avour-tagging). Events with
cc¯(g) in the nal state have the highest mistagging probability. In omparison to the
γγ → bb¯ proess there is an enhanement fator of (ec/eb)4 = 16 in the γγ → cc¯ ross
setion. It turns out that after avour tagging both proesses give similar ontribution to
the bakground.
The bakground events due to proesses γγ → bb¯(g), cc¯(g) were generated using the
program written by G. Jikia [23℄, where a omplete NLO QCD alulation for the produ-
tion of massive quarks is performed in the massive-quark sheme. The program inludes
exat one-loop QCD orretions to the lowest order proesses γγ → bb¯, cc¯ [17℄, and the
non-Sudakov form fator in the double-logarithmi approximation, alulated up to four
loops [21℄. Events generated with NLO QCD program were transfered to Pythia program
for hadronisation. To avoid double-ounting of orretions due to real gluon emission, the
parton shower algorithm was not applied. However, to estimate the inuene of higher
order orretions on the event seletion eieny we also prepared dediated samples of
γγ → bb¯(g), cc¯(g) events with parton shower inluded. Results of this omparison are
presented in Appendix B.
4.3 Other bakground proesses
In ases of the SM Higgs-boson prodution for Mh = 150 and 160 GeV, and in the
analysis of heavy neutral Higgs-bosons in the MSSM also the pair prodution ofW bosons,
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γγ → W+W−, is onsidered as a possible bakground. The ross setion for this proess is
very high for large Wγγ , and it an ontribute to the bakground if the event is lustered
to two or three jets and at least one of these jets is b-tagged. This an be the ase if
two jets from hadroni W deays are merged together by the jet-lustering algorithm,
or if some jets are ignored in the analysis beause they are too lose to the beam pipe.
For generation of γγ → W+W− events the Pythia program is used. However, as only
unpolarized ross setion for this proess is implemented in Pythia, we use polarized
dierential ross setion formulae from [63℄ to obtain orret distributions for Jz = 0 and
|Jz| = 2 ontributions.
As there is non-zero probability of mistagging a light-quark jet as a b-jet, the proess
γγ → qq¯, where q = u, d, s, is also taken into aount as a possible bakground. Due to
the strong dependene of the ross setion for this proess on the fermion harge (σ ∼ e4f ),
the γγ → uu¯ ontribution dominates. The event generation is performed with Pythia
using unpolarized LO ross setion. We known that for Jz = 0 the LO ross setion for the
proess γγ → qq¯ is equal to zero for massless quarks. By onvoluting the ross setion for
|Jz| = 2 with the total luminosity spetrum (modulo fator 2) we overestimate the light
quark prodution bakground. Comparing results for γγ → cc¯(g) and γγ → uu¯ we have
determined that the number of events with light quark-pair prodution is overestimated by
a fator of about 2.6 for our SM analysis, and by a fator of about 4 for our MSSM analysis.
We do not apply any orretions to derease this eet. In the analysis of SM Higgs-boson
prodution the light-quark ontribution is negligible and does not hange the results. In
ase of MSSM Higgs-boson prodution we use the overestimated ontribution of γγ → qq¯,
q=u, d, s, events to eetively take into aount the ontribution of γγ → hadrons events
(without diret×diret interations) from whih no generated events passed all seletion
uts. We estimated that in the mass window optimal for the ross-setion measurement
(see Chapters 5 and 6) the ontribution of γγ → hadrons events would orrespond to
about 50% of the (overestimated) light-quark ontribution.
A large number of τ -pair prodution events will also be observed in the Photon Collider
(the ross setion about 1.7 times higher than the LO ross setion for γγ → cc¯). Thus,
even small τ mistagging probability ould in priniple signiantly inuene our results.
Fortunately, the Jz = 0 ontribution is negligible in this ase due to the m
2
τ/s-suppression
(QED higher order orretions are small). In addition, onsiderable amount of energy
is arried out by neutrinos. Consequently, the number of τ+τ− events reonstruted as
two-jet events with high invariant mass should be very small. For this study γγ → τ+τ−
prodution events were generated with Pythia using polarized ross setion.
36
4.4 Overlaying events γγ → hadrons
Beause of the large ross setion and huge γγ-luminosity at low Wγγ , from one to two
γγ → hadrons events3 are expeted at the TESLA Photon Collider per bunh rossing.
These events hardly ontribute to the bakground on their own. However, they an have
a great impat on the reonstrution of other events produed in the same bunh rossing,
by hanging their kinematial and topologial harateristis.
We generate γγ → hadrons events with Pythia, using the luminosity spetra from
a full simulation of the photon-photon ollisions [56℄, resaled to the hosen beam en-
ergy. For eah onsidered e−e− energy,
√
see, an average number of the γγ → hadrons
events per bunh rossing is alulated. Then, for every signal or bakground event, the
γγ → hadrons events are overlaid (added to the event reord) aording to the Poisson
distribution. In Appendix A priniples of event generation and approximations used are
disussed in detail.
The γγ → hadrons proesses are lassied aording to the type of photon(s) inter-
ation. If both photons interat as point-like, as desribed by QED, then we all the
proess diret×diret. However, if one or two photons interat as a hadroni state (vetor
meson or quantum utuation with gluons), then they are denoted as hadron-like×diret
or hadron-like×hadron-like, respetively. As shown in Fig. 4.3 the biggest ontribution to
the ross setion is due to proesses with hadron-like×hadron-like photons. Fortunately,
the γγ → hadrons ross setion is very forward-peaked as seen in Fig. 4.4. A ut on
the polar angle of traks and lusters measured in the detetor should greatly redue
ontribution of partiles from γγ → hadrons proesses to seleted events. Events with
γγ → hadrons interations only, without diret×diret interations, are simulated as well.
Suh events an mimi signal if two or more of them are overlaid. As the generation of
high-energy γγ → hadrons events with signiant transverse energy is very ineient,
these events are inluded only in the SM analysis. In ase of MSSM analysis we have
estimated the ontribution of γγ → hadrons events, and inlude it eetively as the part
of light quark-pair prodution (see previous Setion).
For more details onerning γγ → hadrons overlaying events and their inuene on
the reonstrution see Appendix C. The pakage Orlop, reated for inluding the
γγ → hadrons events by the generation of hard γγ sattering proesses, is desribed
in Appendix D.
3
For tehnial reasons we onsider only photonphoton events with Wγγ > 4 GeV. However, events
with lower Wγγ are mostly produed with high boost and partiles going at very small angles do not
enter the detetor. For further detailed disussion see Appendix C.
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PYTHIA 6.214: Total cross section γγ → hadrons
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Figure 4.3: Cross setions for the proess γγ → hadrons obtained with the Pythia
program. Contributions from various event lasses are indiated. Also the magnitude of
the ross setion for elasti and dirative proesses is indiated.
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Figure 4.4: Angular distributions of the transverse energy ow, ET , for overlaying
events γγ → hadrons per bunh rossing. Various omponents and their total ontribu-
tions (numbers in parentheses) are indiated. Pythia generation results with luminosity
spetrum for
√
see = 210.5 GeV.
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Chapter 5
Standard Model Higgs-boson
prodution
In this Chapter the measurement of the Standard Model Higgs-boson prodution ross
setion at the TESLA Photon Collider is disussed. Following steps of the analysis are
desribed: seletion of energy-ow objets, jet reonstrution, kinematial and topolog-
ial seletion uts optimized for ross setion measurement, and the role of b-tagging in
seletion of signal events. To simplify the desription, the analysis is presented in detail
for the Higgs-boson massMh = 120 GeV. For other onsidered masses of the Higgs boson,
Mh = 130, 140, 150 and 160 GeV, the same proedure was performed with indepen-
dent optimization of seletion thresholds. The uts dediated to suppress γγ → W+W−
bakground, whih is not relevant for lower Higgs-boson masses, are desribed for Mh =
160 GeV. Expeted preisions of the measurement obtained in this analysis are ompared
with results of our earlier works in whih some of experimental aspets and bakground
ontributions onsidered here were not yet taken into aount.
5.1 Preseletion of energy-ow objets and jet reon-
strution
In the energy range
√
see = 210260 GeV about one γγ → hadrons event takes plae on
average at eah bunh rossing. The ontribution from these overlaying events is expeted
to aet observed partile and energy ow mainly at low polar angles (see Setion 4.4).
Therefore, we introdue an angle θTC dening the region strongly ontaminated by this
ontribution; traks and lusters with polar angle less than θTC are not taken into aount
when applying energy-ow algorithm. In spite of that energy-ow objets with polar angle
less than θTC an still be formed; they are also ignored in further steps of analysis. A few
values of θTC were onsidered in the analysis as disussed in detail in Appendix C. We
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deided to use the value θTC = 0.85 as with this hoie almost the whole ontribution
from hadron-like photon interations is suppressed and distributions of jet transverse
momentum and jet mass are similar to those obtained without overlaying events and
without θTC ut. It was heked that θTC = 0.85 results also in the best nal ross
setion measurement preision.
For the signal proess onsidered in this analysis we expet that the produed partoni
state is well reprodued by jets reonstruted from energy-ow objets. In the presented
study jets are reonstruted using the Durham algorithm [64℄ where the distane measure
between two jets, i and j, is dened as
yij = 2min(E
2
i , E
2
j )(1− cos θij)/E2;
Ei and Ej are energies of jets, θij is the relative angle between jets and E is the total
energy measured in the detetor. The list of energy-ow objets reonstruted in the
detetor is used as the input to the algorithm, assuming that eah energy-ow objet is
a jet. In following steps a pair of jets whih has the smallest value of yij is searhed for
and these two jets are merged into one jet. The algorithm terminates when all possible
values of yij are greater than the value of the ut-o parameter, ycut. The hoie of the
distane measure yij and of the parameter ycut value used in this analysis is based on
the approah adopted in the NLO QCD [23℄ program whih is used for generation of
bakground events γγ → QQ¯(g). In this program the real gluon emission is onsidered
only for yqg > 0.01. Soft gluon emissions, i.e. emissions with yqg ≤ 0.01, are absorbed in
the ross-setion alulation for QQ¯ nal state. For onsisteny with this approah jets
have to be reonstruted with ycut > 0.01, as for lower ycut values additional jets expeted
from soft-gluons emission would not be desribed by the generator. Moreover, the distane
measure used in the NLO generator is alulated using true values of kinemati variables
and is inversely proportional to the γγ invariant mass squared, ygenij ∝ 1/sγγ, whereas the
visible energy is used in the jet reonstrution, yij ∝ 1/E2. In the signiant fration
of events we expet that due to detetor aeptane E2 < sγγ . Therefore, the value
ycut = 0.02, two times larger than the one used in generator, has been hosen. With this
value, reonstruted jets an be relatively wide. For example, two perpendiular jets will
be joined together if one of them has energy of 12 GeV or below (assuming E ≈ 120 GeV,
most probable value for Mh = 120 GeV).
As the NLO QCD generator does not inlude additional gluon emissions due to higher
order orretions, we study the resulting systemati unertainty of the result, by applying
the parton shower algorithm to the NLO heavy quark bakground events. Although
some gluon ontributions are double ounted in suh proedure, it allows us to determine
the sensitivity of the analysis to the higher order orretions. Results are presented in
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Appendix B.
To orret for the non-zero beam rossing angle, all reonstruted jets are transformed
from the laboratory frame to the frame moving with the speed fator β = sin αc
2
≈ αc
2
=
0.017 in the x diretion, where αc is the beam rossing angle. After this orretion the
average value of the measured transverse momentum in the horizontal diretion, Px, is
zero.
5.2 Kinematial and topologial uts
The rst ut applied after detetor simulation is introdued to exlude possible inuene
of the ut Wminγγ , the lower limit on the γγ invariant mass, used in the event generation.
Therefore, the onditionWrec > 1.2W
min
γγ is imposed for all onsidered events, where Wrec
is the total reonstruted invariant mass of the event (alulated from all energy-ow
objets above θTC).
Higgs-boson deay events are expeted to onsist mainly of two b-tagged jets with
large transverse momentum and nearly isotropi distribution of the jet diretions. The
signiant number of events (∼ 25%) ontains the third jet due to the real gluon emissions
whih are approximated in this analysis by the parton shower algorithm, as implemented
in the Pythia.
The following uts are used to selet properly reonstruted bb¯ events oming from
Higgs deay.
1. Number of seleted jets should be 2 or 3. In addition to two b-quark jets we allow
for one additional jet from hard gluon emission. The signal-to-bakground ratio
is similar for both jet multipliities. Moreover, the NLO QCD generator used for
heavy-quark bakground generation does not inlude resummation of the so-alled
Sudakov logarithms whih would be relevant if 2- and 3-jet events lasses were
onsidered separately.
2. The ondition | cos θjet| < Cθ is imposed for all jets in the event where θjet is the jet
polar angle, i.e. the angle between the jet axis and the beam line. This ut should
improve signal-to-bakground ratio as the signal is almost uniform in cos θ, while
the bakground is peaked at | cos θ| = 1.
3. Sine the Higgs bosons are expeted to be produed almost at rest, the ratio of the
total longitudinal momentum alulated from all jets in the event, Pz, to the total
energy, E, should fulll ondition |Pz|/E < CPz .
To determine the ut parameter values Cθ and CPz the orresponding distributions of
the signal and heavy quark bakground events were ompared (other bakground ontri-
butions were not onsidered at this stage). After ut 1 the optimal value of parameter Cθ
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Figure 5.1: Distributions of | cos θjet|max (maximal value of | cos θjet| over all jets) for
signal and bakground events. For bakground only γγ → bb¯(g) events are shown. The
signal measurement preision ∆σ/σ of about 7% is obtained for | cos θjet|max < Cθ =
0.725.
(ut 2) is found as the one whih minimizes the estimated statistial unertainty of the
measurement:
∆σ(γγ → h→ bb¯)
σ(γγ → h→ bb¯) =
√
µS + µB
µS
,
where µS and µB are the numbers of expeted signal and bakground events after the ut,
respetively. With optimized ut 2 the same proedure is repeated for parameter CPz (ut
3). The expeted event distributions for | cos θjet|max (the maximum value of | cos θjet| over
all jets in the event) and |Pz|/E are shown in Fig. 5.1 and 5.2, respetively. For simpliity
only γγ → bb¯(g) bakground ontribution is shown. The γγ → cc¯(g) ontribution, whih
is around 16 times larger, has a very similar shape. Both bakground ontributions are
taken into aount in ut optimization. For Mh = 120 GeV the optimized ut values are
Cθ = 0.725 and CPz = 0.1, as indiated in the gures (vertial arrows). The measurement
preision is estimated to be around 7% and 5% after the | cos θjet| ut and after the |Pz|/E
ut, respetively. Angular uts used in the event seletion proedure are ompared in Fig.
5.3.
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Figure 5.2: Distributions of |Pz|/E for signal and bakground events. For bakground
only γγ → bb¯(g) events are shown. The signal measurement preision ∆σ/σ of about 5%
is obtained for |Pz|/E < CPz = 0.1.
5.3 b-tagging algorithm
For b-tagging the Zvtop-B-Hadron-Tagger pakage prepared for the TESLA projet
was used [65, 66, 67℄. The avour tagging algorithm is based primarily on ZVTOP, the
topologial vertex nding proedure developed at SLD [68℄. In addition to the ZVTOP
results, a one-prong harm tag [65℄ and an impat parameter joint probability tag [69℄
outputs are used to train a neural net. Following parameters are given as an input to the
neural-network algorithm (for all traks or all verties):
1. Impat parameters in r−φ and r−z. Impat parameter in the r−φ plane is dened
as the minimal distane between the trak trajetory and the beam axis; impat
parameter in r−z plane is dened as the distane between the reonstruted primary
vertex position and the point on the beam axis nearest to the trak trajetory.
2. Signiane of the trak impat parameters  the ratio of the impat parameters to
their estimated errors.
3. Vertex deay length  the distane between the primary vertex and the seondary
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Figure 5.3: Comparison of the angular uts used in the seletion proedure of the
Higgs-boson prodution events for Mh = 120 GeV.
or tertiary vertex.
4. Vertex deay length signiane  the ratio of the vertex deay length to its mea-
surement error.
5. pt-orreted mass of the seondary vertex  the invariant mass of partiles oming
from the vertex. As only harged partiles (traks) are onsidered, the orretion
for neutral partiles is applied. The orretion is based on the assumption that the
total momentum of all partiles oming from the seondary vertex must be parallel
to the vetor between the primary and seondary vertex positions.
6. Vertex momentum  the total momentum of all traks belonging to the vertex.
7. Seondary vertex trak multipliity.
8. Seondary vertex probability  the probability that all traks assigned by the ZV-
TOP algorithm to the seondary vertex belong to this one vertex.
The neural-network algorithm was trained on the Z deays. For eah jet the routine
returns a b-tag value  the number between 0 and 1 orresponding to b-jet likelihood.
In order to optimize the signal ross-setion measurement, the two-dimensional ut on
b-tag values is used. In the signal events two jets with the highest transverse momentum
are most likely to originate from b quarks. Therefore, all jets in the event are sorted
aording to the value of their transverse momentum. The distribution of b-tag values for
2 and 3-jet events is onsidered in the plane b-tag(jet1)⊗b-tag(jet2) where indies 1 and
2 orrespond to two jets with the highest transverse momenta. The two-dimensional
distributions of b-tag values for the signal, γγ → h → bb¯, and for the bakground,
γγ → bb¯(g), events are shown in Fig. 5.4. The orresponding distributions for other
onsidered bakground ontributions, γγ → cc¯(g) and γγ → qq¯ (q = u, d, s), are shown
46
10 2
10 3
b-tag(jet2)
b-
ta
g(j
et 1
)
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
10 2
10 3
b-tag(jet2)
b-
ta
g(j
et 1
)
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Figure 5.4: Distributions of γγ → h → bb¯ (left) and γγ → bb¯(g) (right) events in the
plane btag(jet1)⊗ btag(jet2).
in Fig. 5.5. Events onsidered in the b-tagging studies fulll fore-mentioned, optimized
seletion uts and an additional ut Wrec > 0.7Mh whih removes low-mass events not
relevant for the nal result (this ut is used only for tagging optimization). As expeted,
for proesses γγ → h → bb¯ and γγ → bb¯(g) most events populate the regions with high
b-tag values (Fig. 5.4), whereas most γγ → cc¯(g) and γγ → qq¯ events have small b-
tag values (Fig. 5.5). Nevertheless, signiant fration of γγ → cc¯(g) events populates
the region of high b-tag values, and the event distribution is more at than the one for
γγ → qq¯ events. The optimal higgs-tagging ut is found by onsidering the value of
the signal to bakground ratio S/B, where S and B denote the expeted numbers of
events for the signal γγ → h → bb¯ and for the sum of bakground ontributions from
proesses γγ → QQ¯(g) (Q= c, b) and γγ → qq¯ (q= u, d, s), respetively. Obtained S/B
distribution in the b-tag(jet1)⊗b-tag(jet2) plane for Higgs-boson prodution with Mh =
120 GeV is shown in Fig. 5.6. The seletion riteria whih results in the best preision of
the Γ(h → γγ)BR(h → bb¯) measurement orresponds to S/B > 0.19 as indiated in the
gure (stars).
The obtained eienies for tagging higgs events, bb¯ bakground events, and the prob-
abilities for mistagging of the cc¯ and qq¯ (q = u, d, s) events are εh = 58%, εbb = 50%,
εcc = 2.2% and εuds = 0.16%, respetively. Similar eienies were obtained for other
onsidered eletron-beam energies. We all this proedure 'higgs-tagging' as the eieny
for tagging signal events, εh, is signiantly higher than the eieny for tagging bb¯(g)
bakground events, εbb. This is beause large fration of bakground events is reon-
struted as 3-jet events (LO ontribution is suppressed for Jz = 0) in whih the gluon
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Figure 5.5: Distributions of γγ → cc¯(g) (left) and γγ → qq¯, q=u, d, s, (right) events in
the plane btag(jet1)⊗ btag(jet2).
jet is often one of the two jets with highest transverse momenta. In the earlier analyses
[23, 27℄ a xed bb¯-tagging eieny, εh = εbb = 70%, and a xed cc¯-mistagging eieny,
εcc = 3.5%, were assumed. Although the eienies resulting from the optimized seletion
are muh lower, signal to bakground ratio εh/εcc improves signiantly.
Partiles from γγ → hadrons overlaying events an signiantly hange properties
of the jet to whih they are assigned by the jet lustering algorithm. For example, the
invariant mass of the jet inreases on average by 3 GeV, if the angular ut is not applied
(i.e. parameter θTC = θmask ; see Fig. C.11 in Appendix C). Although the average in-
variant mass of the jet after the ut orresponding to cos θTC = 0.85 is similar to the jet
mass without overlaying-events ontribution, the jet struture an still be aeted by the
remaining partiles from γγ → hadrons interations, and by rejetion of some partiles
oming from the signal proess. These eets inuene also the avour tagging algorithm
and ause a signiant hange in the results of the bb¯-tagging optimization. To quantify
the inuene of overlaying events we repeated the optimization proedure, for prodution
of the SM Higgs boson withMh = 120 GeV, without overlaying events and with cos θTC =
0.99. The resulting eienies, orresponding to optimal ut S/B > 0.16, are εh = 71%,
εbb = 64%, εcc = 2.9% and εuds = 0.11%. The orresponding seletion region in the
b-tag(jet1)⊗b-tag(jet2) plane is signiantly wider than for the nominal analysis, but the
cc¯ bakground suppression fator εbb/εcc is similar.
Although the seletion region is smaller when overlaying events are taken into aount,
the eieny for γγ → qq¯, q= u, d, s, is greater by about 50%. Jets oming from light-
quark prodution an be signiantly modied by γγ → hadrons events, and are more
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Figure 5.6: The expeted ratio of signal (γγ → h → bb¯) to bakground (γγ → QQ¯(g),
Q=c, b, and γγ → qq¯, q=u, d, s) event distributions in the plane btag(jet1)⊗ btag(jet2).
The region whih results in the best preision measurement for the ross-setion measure-
ment is indiated by stars.
likely to be reognized as b-jets. One of important reasons is that the primary vertex
of the overlaying event is usually shifted with respet to the primary vertex of the hard
interation. If partiles from both interations are ombined in the reonstruted hadroni
jet, the vertex nding algorithm is likely to reonstrut two verties treating one of them
as a primary vertex, and the seond one as the vertex resulting from b deay. The eet of
tagging deterioration is even stronger for higher beam energies as more overlaying events
per bunh rossing are produed due to higher luminosity and ross setion. The inuene
of overlaying events on the event reonstrution is learly seen also in ase of the heavy
MSSM Higgs-bosons prodution as will be disussed in Chapter 6.
The inuene of the optimized higgs-tagging riteria on the reonstruted invariant-
mass, Wrec, distribution is shown in Fig. 5.7 for signal events γγ → h → bb¯ after all
desribed seletion uts. These results were obtained without overlaying events γγ →
hadrons. The tail towards low masses is due to events with energeti neutrinos oming
from semileptoni deays of D and B mesons (see [27℄ for more details). Contribution
of these events an be suppressed by an additional ut PT/ET < 0.04, where PT and ET
are the absolute values of the total transverse momentum of an event,
~PT , and the total
transverse energy, respetively. We see that the eieny of b-tagging is similar for events
with and without energeti neutrinos as the algorithm does not signiantly inuene the
shape of the distributions.
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Figure 5.7: Distributions of the reonstruted invariant mass, Wrec, for seleted γγ →
h → bb¯ events, for Mh = 120 GeV. Distributions obtained before and after applying the
b-taggingalgorithm, without and with the additional PT/ET < 0.04 ut are ompared.
Overlaying events are not inluded.
5.4 Results
The invariant-mass distributions for signal events passing all optimized seletion uts,
before and after taking into aount the overlaying events γγ → hadrons are ompared in
Fig. 5.8 (left). Mass resolution, derived from the Gaussian t in the region from µ− 1.3σ
to µ+1.3σ, is about 4 and 6 GeV, respetively. The overlaying events and uts suppressing
their ontribution signiantly inuene the mass reonstrution and result in an inrease
of distribution width by about 2 GeV, and in a shift of the mean value, µ, by about 3 GeV.
A drop in a seletion eieny, resulting in the redued number of events expeted after
seletion uts (from about 6450 to 5530 events), is also observed. This is beause tighter
b-tagging uts have to be imposed to redue inuene of overlaying events. More events
are also rejeted by the ut on the longitudinal momentum. Some drop in the seletion
eieny is also due to the fat that the energy deposits from the γγ → hadrons proesses,
remaining after the θTC ut, shift jets nearer to the beam axis and the event an be
rejeted by the jet-angle ut.
Distributions of the reonstruted invariant mass, Wrec, expeted after applying all
seletion uts and b-tagging algorithm, for the signal (γγ → h → bb¯) and all onsidered
bakground ontributions are shown in Fig. 5.9. Beside the heavy quark prodution,
γγ → bb¯(g) and γγ → cc¯(g), all bakground ontributions are small, of the order of 30%,
15% and 5% of the signal for γγ → hadrons, γγ → qq¯ and γγ → τ+τ−, respetively.
We assume that the number of observed Higgs-boson prodution events will be ex-
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Figure 5.8: Reonstruted invariant-mass , Wrec, (left) and orreted invariant-mass
, Wcorr, (right) distributions for seleted γγ → h → bb¯ events, for Mh = 120 GeV.
Distributions obtained without and with overlaying events (OE) are ompared. Results
for the mean µ and dispersion σ from the Gaussian t in the region from µ − 1.3σ to
µ+ 1.3σ, are also shown.
trated by ounting the number of bb¯ events in the mass window around the Higgs-boson
mass peak, Nobs, and subtrating the expeted ontribution of bakground events, µB.
The relative statistial error expeted in the measurement of the Higgs-boson prodution
ross setion σ(γγ → h → bb¯), or of the partial width multiplied by the branhing ratio
Γ(h→ γγ)BR(h→ bb¯), an be estimated from the following formula:
∆σ(γγ → h→ bb¯)
σ(γγ → h→ bb¯) =
∆
[
Γ(h→ γγ)BR(h→ bb¯)]
Γ(h→ γγ)BR(h→ bb¯) =
√
µS + µB
µS
(5.1)
where µs is expeted number of signal events, and the expeted number of observed events
is 〈Nobs〉 = µS + µB. The auray obtained from the reonstruted invariant-mass dis-
tribution for Mh = 120 GeV is equal to 2.3%. The mass window used to alulate the
signal measurement preision is again optimized to obtain the lowest relative error. For
Mh = 120 GeV the seleted mass window is 100 to 127.5 GeV as indiated in Fig. 5.9
(vertial arrows). The obtained result is onsistent with results of our previous analyses
[27, 30℄ whih however did not take into aount many aspets of the measurement on-
sidered here. In the urrent analysis additional bakground ontributions deteriorate the
preision of the ross setion measurement. However, the eet is partially ompensated
by the performed optimization of seletion proedure.
Signiant part of the energy in the signal events an be lost due to esaping neutrinos.
As shown in Fig. 5.7, this eet worsens the mass resolution and, as a result, the ross
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Figure 5.9: Distributions of the reonstruted invariant mass,Wrec, for seleted bb¯ events.
Contributions of the signal, for Mh = 120 GeV, and of the bakground proesses, i.e.
γγ → qq¯ for q=u, d, s, γγ → τ+τ−, and γγ → hadrons (as a separate ontribution with
hadron-like×hadron-like interations only, indiated as 'resolved'), are shown separately.
Arrows indiate the mass window, 100 to 127.5 GeV, optimized for the measurement of
the Γ(h→ γγ)BR(h→ bb¯), whih leads to the statistial preision of 2.3%.
setion measurement preision. We have looked for a orretion method whih would
improve the mass resolution without reduing the event statistis. Unfortunately, due to
a large spread of the photon beam energy, no unambiguous onstraint an be imposed
on the reonstruted longitudinal momentum. We have onsidered four methods of
orreting the measured invariant mass:
1. The value of the measured transverse momentum is added to the total energy and
the transverse momentum is balaned. This is equivalent to the assumption that
the missing transverse momentum is due to a single neutrino emitted perpendi-
ularly to the beam line. The proedure is illustrated in Fig. 5.10 where the 2-jet
γγ → h → bb¯ event is shown with energy and momentum arried out by two neu-
trinos. As the total longitudinal momentum, PL, is not onstrained, the missing
longitudinal momentum, PmissL , annot be estimated. However, the total transverse
momentum should be balaned. Thus, the missing transverse momentum, PmissT ,
52
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Figure 5.10: The 2-jet γγ → h → bb¯ event in whih part of energy is arried out by
neutrinos. As the total longitudinal momentum, PL, is unknown, the missing longitudi-
nal momentum, PmissL , annot be estimated. However, the total transverse momentum
should be balaned and the missing transverse momentum, PmissT , an be attributed to
the 'eetive' neutrino, νeff .
an be attributed to the 'eetive' neutrino. This orretion was introdued in our
earlier analysis [27℄.
2. The transverse momentum, pT , of the jet with lowest pT is inreased by a value
of the total missing transverse momentum and the longitudinal jet momentum is
resaled to preserve its original diretion. This method is applied for 2-jet events
and assumes that the missing PT is due to the single neutrino emitted along the jet
with lower pT . In general the total transverse momentum is still unbalaned after
this orretion.
3. The transverse momentum of 2-jet event is balaned under assumption that the
missing PT is due to the neutrino emitted under the polar angle equal to the polar
angle of the jet with lowest pT .
4. The transverse momentum of 3-jet events is balaned by resaling momenta of two
jets. All ombinations are heked and the most reasonable one is hosen, i.e. the
one satisfying the requirement that eah of two resaling fators is greater than 1
and less than 1.3.
Approahes ombining these methods were also taken into aount. Moreover, we also
onsidered the algorithms where the orretion were limited to events with transverse
momentum greater than some threshold value, whih was varied to obtain the best mass
resolution. Surprisingly, the rst (and simplest) proedure proved to be the best one when
applied to all events. Other orretion methods introdue systemati bias in the orreted
invariant mass distributions and sometimes result even in the deterioration of the nal
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Figure 5.11: As in Fig. 5.9, for the orreted invariant mass, Wcorr, distributions.
Arrows indiate the mass window, 107.5 to 132.5 GeV, optimized for the measurement of
the Γ(h→ γγ)BR(h→ bb¯), whih leads to the statistial preision of 2.1%.
ross-setion measurement preision. Thus, the orreted reonstruted invariant mass
used for the nal analysis was dened as [27℄:
Wcorr ≡
√
W 2rec + 2PT (E + PT ). (5.2)
In Fig. 5.8 (right) the distributions of Wcorr for the seleted signal events, without
and with overlaying events, are presented. The tail of events with invariant masses below
∼ 110 GeV is muh smaller than for the Wrec distributions (ompare with the left gure).
The mass resolutions, derived from the Gaussian ts to the Wcorr distributions in the
region from µ−1.3σ to µ+1.3σ, are equal to 3.2 and 4.9 GeV, without and with overlaying
events, respetively. Also the mean values obtained from the t are loser to Mh than the
values when Wrec was used.
The nal Wcorr distributions for the signal and bakground events (with overlaying
events inluded) are shown in Fig. 5.11. ForMh = 120 GeV the most preise measurement
of the Higgs-boson prodution ross setion is obtained for the mass window between 108
and 133 GeV, as indiated by arrows. In the seleted Wcorr region one expets, after
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one year of the Photon Collider running at nominal luminosity, about 4900 reonstruted
signal events and 5400 bakground events (i.e. µS/µB ≈ 0.9). This orresponds to the
statistial preision of:
∆
[
Γ(h→ γγ)BR(h→ bb¯)]
Γ(h→ γγ)BR(h→ bb¯) = 2.1%.
The statistial preision alulated with the formula 5.1 should be onsidered a onser-
vative estimate as it does not take into aount our knowledge of the shape of the signal
and bakground ontributions. To exploit this additional information we an determine
the measured number of signal events by the maximum likelihood method. In this pro-
edure the bakground ontribution is assumed to be xed and the likelihood funtion
depends only on the total number of signal events. The Poissonian distribution of events
in eah bin is assumed. For the prodution of the Higgs boson with Mh = 120 GeV
we nd that preision of the signal ross-setion determination from the measured Wcorr
distribution (without mass window ut) is 2.0%.
The maximum likelihood method an also be used to estimate the systemati uner-
tainty of the ross setion measurement. With this approah the systemati unertainties
of the estimated total bakground ontribution and of the luminosity determination are
inluded. We assume that both unertainties are desribed by Gaussian distributions.
The systemati unertainty of the total bakground ontribution is estimated to be about
2%. This is based on the assumption that the bakground an be onstrained from the
dediated run of the Photon Collider at lower value of
√
see. If the enter-of-mass-system
energy is redued by about 10 GeV, then only bakground events are measured (the Higgs
boson will not be produed due to very low luminosity at Wγγ = Mh) while the detetor
performane remains almost unhanged. During half a year of the Photon Collider run-
ning about 3000 events an be seleted in the invariant-mass range orresponding to the
optimal mass window for the Higgs-boson prodution measurement. The statistial un-
ertainty of 2% on the bakground ontribution an be obtained whih ould be redued
by in a longer run if required. This unertainty will result in the orresponding systemati
error in the (independent) Higgs-boson prodution measurement. The Jz = 0 luminosity
ontribution will be measured with preision of around 1% [72℄ and this is assumed to be
the expeted unertainty for the total luminosity (the |Jz| = 2 luminosity ontribution will
be known with muh better preision but it is small in the Higgs-resonane region). Using
maximal likelihood proedure with assumed systemati unertainties we obtain preision
of 2.7% for σ(γγ → h→ bb¯) measurement at Mh = 120 GeV. Therefore we an onlude
that the systemati error of the measurement is of the order of 1.8%.
The nal result for Γ(h → γγ)BR(h → bb¯) should be extrated from the measured
event rate by applying orretion for the seletion eieny. In our analysis the total
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eieny for signal events is only about 30%. The signiant redution of the signal
events is due to the b-tagging ut. Therefore a very preise determination of avour
tagging eieny will be ruial. To minimize inuene of the unertainties resulting
from the Monte Carlo desription of the detetor performane we propose to use hadroni
deays of Z bosons for b-tagging studies. After one year of the Photon Collider running at√
see = 419 GeV, the sample of about 26000 γγ → ZZ events will be olleted [49℄. Taking
into aount branhing ratios and the seletion eieny of about 80%, the expeted
number of Z → bb¯ deays will be about 5000. This sample will allow us to determine the
avour tagging eieny for b-jets with statistial preision of about 1.4%.
There is also an alternative solution: taking e+e− data at
√
see = MZ for two to three
months (the so-alled GigaZ projet), using the same detetor and seletion proedure
as desribed above. Having about 109 events of Z-boson prodution we ould determine
avour-tagging eienies with exeptional statistial preision of about 10−4. Also other
systemati unertainties ould be signiantly redued with suh a large sample of Z
deays. Therefore we would like to stress that the possibility of e+e− operation in the
ollision point designed for the γγ mode should be guaranteed to make full use of the
physis potential of the Photon Collider.
For all methods, results for systemati unertainties will require some extrapolation.
However, we estimate that after a year of additional running, the total systemati uner-
tainty of the Γ(h→ γγ)BR(h→ bb¯) measurement an be redued to about 2%.
The bakground ontribution due to γγ → W+W− prodution is inluded in the
analysis for Mh = 150 and 160 GeV. Hadroni deays of W
+W− pairs result in 4-jet nal
state. However, in signiant fration of events only 3 or 2 jets are reonstruted. As
ross setion for W+W− prodution is very high, additional uts, dediated to suppress
γγ → W+W− bakground are introdued:
1. Events are rejeted if Mmaxjet > CMjet , where Mmaxjet is the highest invariant mass of
the jet in the event.
2. Total energy measured below θTC , ETC , should be less than CETC .
3. Eah jet in the event should ontain at least CNT traks, i.e. Nmintrk ≥ CNT where
Nmintrk is the minimal number of traks in jet for a given event.
The rst ut removes the events in whih two jets from deay of one W boson have
been joined into one jet by the jet-lustering algorithm. The seond ondition rejets
events with substantial energy in the forward region, below θTC , where one or two jets
from W+W− deay ould deposit their energy. The last ut, with the parameter value
CNT = 4, suppresses leptoni deays of W . For Mh = 160 GeV the optimal values for the
two other thresholds are CMjet = 70 GeV and CETC = 90 GeV.
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Figure 5.12: Statistial preision of Γ(h → γγ)BR(h → bb¯) measurement for the SM
Higgs boson with mass 120160 GeV. Final results of this analysis are ompared with our
earlier results, whih did not take into aount some of the bakground ontributions,
distribution of the interation point or overlaying events. The lines are drawn to guide
the eye.
We have performed a full simulation of signal and bakground events also for Mh =
130, 140, 150 and 160 GeV hoosing optimal e−e− beam energy for eah Higgs-boson mass.
Statistial preision of Γ(h→ γγ)BR(h→ bb¯)measurement was estimated in eah ase. It
is equal to 2.1%, 2.5%, 3.4% and 7.7%, respetively. These results, together with the result
forMh = 120 GeV desribed above, are presented in Fig. 5.12. For omparison, our earlier
results obtained without overlaying events, without various bakground ontributions or
without distribution of interation point are also shown. ForMh = 160 GeV, after the full
optimization of the seletion uts, better preision is obtained than in earlier analyses,
whih did not take into aount some bakground ontributions.
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Chapter 6
Prodution of heavy neutral Higgs
bosons in the MSSM
The analysis of the MSSM Higgs-bosons prodution losely follows the SM study desribed
in Chapter 5. Therefore only these parts of the analysis whih dier from the SM ase
are disussed in detail below.
The analysis was developed for set I of the MSSM parameters, as dened in Setion
4.1, with tanβ = 7. To simplify the desription the proedure is rst presented for MA =
300 GeV, and later extended toMA = 200, 250 and 350 GeV. In eah ase the beam energy
was hosen in suh a way, as to provide the highest luminosity for γγ ollisions with Jz = 0
at Wγγ = MA. For detailed information about beam energies and γγ-luminosities, for the
onsidered Higgs-boson masses, see Tab. 3.3.1.
For
√
see ≈ 400 GeV about two γγ → hadrons events are expeted on average in eah
bunh rossing. To suppress the inuene of these events optimization of the θTC ut was
repeated, as desribed in Appendix C and the value θTC = 0.85, used in the SM analysis,
turned out to be optimal also for the MSSM ase.
Seletion riteria were optimized for the measurement of the higgs prodution ross
setion. The event distributions for | cos θjet|max and |Pz|/E are shown in Fig. 6.1 and 6.2,
respetively. For MA = 300 GeV the optimized ut values are Cθ = 0.65 and CPz = 0.06
(indiated by arrows). The measurement preision is estimated to be around 32% and
22%, after the | cos θjet| ut and after the |Pz|/E ut, respetively.
As in the SM ase, bb¯ events were seleted by onsidering b-tag values for two jets
with highest transverse momentum. For MA = 300 GeV the seletion region in the
btag(jet1) ⊗ btag(jet2) plane whih gives the best preision of the σ(γγ → A,H → bb¯)
measurement is shown in Fig. 6.3. Optimal bb¯ seletion, when overlaying events are taken
into aount, orresponds to the eienies εh = 53%, εbb = 47%, εcc = 2.9%, and
εuds = 0.5%, i.e. cc¯ bakground suppression by a fator of εbb/εcc ≈ 16. This should be
ompared to results obtained when overlaying events are not inluded  then the optimized
59
0200
400
600
800
1000
1200
1400
1600
1800
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
|cos(θjet)|max
N
um
be
r o
f e
ve
nt
s p
er
 0
.0
25
 b
in
MA=300 GeV
Parameter set I
 tgβ= 7
H+A signal
Background:
bb
−(g) ∆σ/σ =32.1%
Total Lγγ = 808 fb
-1
Figure 6.1: Distributions of | cos θjet|max for signal and bakground events. Only γγ →
bb¯(g) events are shown for the bakground. The signal measurement preision for events
fullling the ut | cos θjet|max < Cθ = 0.65, ∆σ/σ, is around 32%.
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Figure 6.2: Distributions of |Pz|/E for signal and bakground events. Only γγ →
bb¯(g) events are shown for the bakground. The signal measurement preision for events
fullling the ut |Pz|/E < CPz = 0.06, ∆σ/σ, is around 22%.
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Figure 6.3: Ratio of γγ → A,H → bb¯ events to γγ → bb¯(g), γγ → cc¯(g) and γγ → qq¯,
q=u, d, s, events distributions in the plane btag(jet1)⊗btag(jet2). The region is indiated
by stars whih gives the best preision measurement for σ(γγ → A,H → bb¯).
seletion orresponds to the eienies εh = 57%, εbb = 52%, εcc = 1.8%, and εuds = 0.1%,
i.e. εbb/εcc ≈ 29. This omparison shows that for heavy Higgs bosons overlaying events
inrease relative probability of cc¯-mistagging by a fator of about 2. Even larger eet is
observed for light quark-pair prodution as we observe inrease of εuds by a fator of 5
despite the tighter seletion ut.
In Fig. 6.4 we ompare the (Wrec−Wγγ) distributions, for signal events γγ → A→ bb¯,
before and after taking into aount the overlaying events. Mass resolution, derived from
the Gaussian t in the region from µ−1.3σ to µ+1.3σ, is about 8 and 12 GeV, respetively.
The overlaying events and ut θTC suppressing their ontribution signiantly inuene
the reonstruted mass distribution and result in a deterioration of the mass resolution.
However, no signiant drop in the seletion eieny is observed (the number of seleted
events is about 220 in both ases), in ontrary to the SM ase. Corresponding distributions
of (Wcorr −Wγγ) are ompared in Fig. 6.4. The mass resolution for γγ → A→ bb¯ events,
forMA = 300 GeV, is about 7 GeV without and about 10 GeV with overlaying events. As
the mass resolution is muh bigger than the mass dierene between heavy neutral Higgs
bosons H and A, MH −MA ≈ 1.5 GeV, the separation of these two ontributions will
be impossible for the onsidered parameter set. Even for tan β = 3 the mass dierene
(MH −MA ≈ 6.8 GeV) will be too small to resolve A and H ontributions, see Fig. 6.5.
The inuene of overlaying events on the Higgs-boson prodution measurement is also
illustrated in Fig. 6.6 and 6.7 where the Wrec and Wcorr distributions, respetively, are
shown for signal and bakground events (for this omparison only quark-pair prodution
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Figure 6.4: Mass resolution of the Higgs-boson A , Wrec −Wγγ (left), and Wcorr −Wγγ
(right), for the seleted events for MA = 300 GeV, obtained without and with overlaying
events (OE). Mean and dispersion values, µ and σ, from the Gaussian t between µ−1.3σ
and µ+ 1.3σ are indiated.
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Figure 6.5: Correted invariant mass, Wcorr, distributions for the seleted γγ → H → bb¯
and γγ → A → bb¯ events (MA = 300 GeV), with overlaying events, for tanβ = 7 (left)
and tanβ = 3 (right), respetively. For tanβ = 3 also the sum of both ontributions is
shown.
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Figure 6.6: Distribution of the reonstruted invariant mass, Wrec, for bb¯ events (MA =
300 GeV) seleted before (left plot) and after (right plot) taking into aount overlaying
events. Contributions of the H and A signal and of the quark-pair bakgrounds are
shown separately. Arrows indiate the mass windows optimized for the measurement of
σ(γγ → A,H → bb¯).
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Figure 6.7: As in Figs. 6.6, for the orreted invariant-mass, Wcorr, distributions. The
statistial preision is 7.6% without overlaying events (left plot) and 9.4% with overlaying
events (right plot).
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Figure 6.8: Distributions of the maximal jet mass, Mmaxjet , expeted for signal and
bakground ontributions (overlaying events inluded).
is taken as the bakground). In both ases distributions obtained without and with over-
laying events are ompared. We onlude that overlaying events signiantly deteriorate
the ross setion measurement by inreasing the seletion eieny of bakground ontri-
butions. As in the SM ase, better estimates for measurement error ∆σ(γγ → A,H →
bb¯)/σ(γγ → A,H → bb¯) are obtained when using the variable Wcorr.
For all onsidered heavy Higgs-boson masses in the MSSM, additional uts to suppress
γγ → W+W− bakground were also applied, as desribed for the SM Higgs boson with
Mh = 160 GeV. For MA = 300 GeV the optimal threshold values are CMjet = 65 GeV and
CETC = 80 GeV. The orresponding distributions of events are shown in Fig. 6.8 and 6.9.
The resulting estimate of the ross-setion measurement preision is about 14%. After
the additional ut on the number of traks in eah jet (CNT = 4), the nal result for
MA = 300 GeV is shown in Fig. 6.10. For the optimized Wcorr window the ross-setion
measurement preision of 11% is obtained.
After disovery or a 'hint' of the resonant-like exess of events at LHC or ILC the Pho-
ton Collider an be used to onrm the existene and to measure the ross setion for pro-
dution of the new state. In this ase the beam energy will also be optimized for the
prodution of the observed resonane. Under this assumption, we estimate preision ex-
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Figure 6.9: Distributions of the energy below θTC measured in the alorimeters, ECAL,
for signal and bakground ontributions, with overlaying events inluded.
peted for γγ → A,H → bb¯ ross setion measurement in the onsidered MSSM senario
after one year of experimentation. In Fig. 6.11 the preisions for all onsidered values of
MA are shown and ompared with our previous results. Thanks to the uts optimization
better estimated preision for MA = 200 GeV has been obtained; earlier results were
obtained with uts optimized for Higgs-bosons prodution for MA = 300 GeV.
Presented results were also used to estimate preision of the ross-setion measurement
at the Photon Collider for other parameter sets desribed in Setion 4.1. For all sets the
total widths of the Higgs bosons A and H are omparable or smaller than for the set
I and their masses are nearly degenerated (the mass dierene is smaller or omparable
with detetor resolution). Preision estimates for σ(γγ → A,H → bb¯) measurement
for all onsidered parameter sets, assuming tanβ = 7 are ompared in Fig. 6.12. The
most preise measurement is expeted for parameter sets II and III  preision hardly
depends on MA and is about 10%. The worst measurement is expeted for senario IV ,
i.e. the one onsidered by the CMS ollaboration.
For all onsidered values ofMA the dependene of the measurement preision on tan β
was studied and the results are shown in Fig. 6.13. The preision weakly depends on tan β
if parameter sets II or III are onsidered. In ase of parameter sets I or IV the preise
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Figure 6.10: Distributions of the orreted invariant mass, Wcorr, for signal and all
onsidered bakground ontributions, with overlaying events inluded. The best preision
of 11% for γγ → A,H → bb¯ ross setion measurement is ahieved in the Wcorr window
between 285 and 325 GeV.
measurement will not be possible for low tanβ values, tanβ . 5.
As already mentioned in Chapter 2 onsidered range of MSSM parameters overs the
region of so-alled LHC wedge where the expeted number of reonstruted A and H
prodution events will be too small to laim 5σ disovery. Also the heavy MSSM Higgs-
boson prodution signal at the ILC may not be suient. In suh a ase the Photon
Collider was onsidered as the only mahine whih will be able to onrm the existene
of the heavy neutral higgses. For MA = 300 GeV, assuming parameter set I and tan β =
7, the expeted statistial signiane δ of the A+H signal measurement at the Photon
Collider is δ = µS/
√
µB = 7.2, in the optimal mass window. The signiane of the
Higgs-bosons measurement, δ, for dierent parameter sets onsidered in this analysis is
shown in Fig. 6.14. The bands widths indiate the level of possible statistial utuations
of the atual measurement:
δ =
µS√
µB
±
√
1 +
µS
µB
In three from the four onsidered MSSM senarios, assuming tanβ = 7, 5σ disovery of
heavy, neutral higgses will be possible in the whole range ofMA, if only the optimum beam
67
MA  [GeV]
∆σ
/σ
 
 
 
fo
r 
  γ
γ→
A
,H
→
bb−
 
 
[%
]
without OE
no vertex smearing
no γγ→W+W-
no γγ→qq−  (q=u,d,s), γγ→τ+τ-, resolved
this analysis
Parameter set I, tgβ=7
0
5
10
15
20
25
30
200 220 240 260 280 300 320 340 360
Figure 6.11: Preisions of σ(γγ → A,H → bb¯) measurement for MSSM parameter set
I, for MA = 200350 GeV and tan β = 7. Final results of this analysis are ompared with
our earlier results, whih did not take into aount some of the bakground ontributions,
γγ → W+W−, distribution of primary vertex or overlaying events. The lines are drawn
to guide the eye.
energy is hosen (some hint for MA value is expeted from LHC and ILC measurements).
For all onsidered values of MA we also studied the signiane of signal measurement
as a funtion of tanβ, for tanβ = 320. Results obtained for dierent parameter sets
are ompared in Fig. 6.15. The estimated lower limit of the disovery region of LHC
experiments (as presented by CMS ollaboration [8℄) is indiated by arrows. For all
parameter sets the expeted statistis of signal events for MA = 200350 GeV will be
suient to over most of the onsidered MSSM parameters spae. We an onlude that
for MA & 300 GeV the Photon Collider should be able to disover Higgs bosons for muh
lower values of tanβ than experiments at the LHC.
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Figure 6.12: Preisions of σ(γγ → A,H → bb¯) measurement are shown for MSSM
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Figure 6.13: Preisions of σ(γγ → A,H → bb¯) measurement are shown for MA = 200,
250, 300 and 350 GeV, for MSSM parameter sets I-IV with tanβ = 320.
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Figure 6.14: Signianes of σ(γγ → A,H → bb¯) measurement for MSSM parameter
sets I-IV , for MA = 200350 GeV and tanβ = 7. The band widths indi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Figure 6.15: Signianes of σ(γγ → A,H → bb¯) measurement for MSSM parameter sets
I-IV , for MA = 200, 250, 300 and 350 GeV, and tan β = 320. The band widths indiate
the level of possible statisti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utuations of the atual measurement.
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Chapter 7
Summary
Searh for the Higgs boson and preise measurement of its properties are among most im-
portant tasks of all future olliders. One of the measurements ruial for understanding of
the Higgs setor and for the veriation of the partile physis models is the measurement
of Γ(h→ γγ). The Photon Collider, whih has been proposed as an extension of the e+e−
linear ollider projet, is onsidered the best plae to do this measurement.
In this thesis the rst fully realisti estimates for the preision of γγ → higgs →
bb¯ ross-setion measurement at the Photon Collider are obtained. Assumed photon
ollider parameters orrespond to the superonduting Linear Collider projet TESLA.
The analysis is based on the realisti γγ-luminosity spetrum simulation. Due to the high
beam intensity, resulting in high γγ-luminosity per bunh rossing, the ontribution of
overlaying events γγ → hadrons turns out to be sizable and aets event reonstrution.
Crossing angle between beams resulting in the signiant broadening of the interation
region is also taken into aount. These two fators signiantly aet the performane of
the b-tagging algorithm. It is shown that the ontamination of γγ → hadrons overlaying
events in the signal an be redued by rejeting low-angle traks and lusters in the event.
Additional uts are proposed to suppress ontributions from other bakground soures
whih are taken into aount. For the realisti estimate of the heavy quark prodution
bakground whih is onsidered to be the most important one, the NLO QCD results are
used. Other proesses are taken into aount using the LO ross setions implemented
in Pythia: τ -pair prodution, light-quark prodution γγ → qq¯, γγ → hadrons events
(without diret×diret proesses and without other events in the bunh rossing), and
γγ → W+W− (with modied ross setion to take into aount polarization).
After optimizing seletion uts and applying orretion for esaping neutrinos from D-
and B-meson deays the quantity Γ(h → γγ)BR(h → bb¯) for the SM Higgs boson with
mass around 120 GeV an be measured with the preision of about 2% already after one
year of the Photon Collider running. The systemati unertainties of the measurement are
estimated to be of the order of 2%. The statistial preision of the measurement dereases
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up to 7.7% for the SM Higgs boson with mass Mh = 160 GeV. For higher masses of the
SM Higgs boson other deay hannels are expeted to give better preision of Γ(h→ γγ)
measurement, see e.g. [49℄.
The measurement disussed in this paper an be used to derive the partial width Γ(h→
γγ), taking BR(h→ bb¯) value from preise measurement at the e+e− International Linear
Collider. With 2% auray on Γ(h→ γγ)BR(h→ bb¯), as obtained in this analysis, and
assuming BR(h→ bb¯) will be measured to 1.5% [43℄, Higgs-boson partial width Γ(h→ γγ)
an be extrated with auray of about 2.5%. With this preision the measurement will
be sensitive to the deviations from the SM oming from loop ontributions of new heavy
harged partiles. For example, heavy harged higgs ontribution in the SM-like 2HDM
is expeted to hange Γ(h → γγ) by 510% [47℄. Using in addition the result from the
e+e− Linear Collider for BR(h→ γγ) [42℄, one an also extrat Γh with preision of 10%.
The presented analysis has been extended to the MSSM ase by onsidering signal of
heavy MSSM Higgs bosons A and H prodution with deays into bb¯. We study masses
MA = 200, 250, 300 and 350 GeV, and for eah mass we hoose an optimal e
−e− beam
energy and seletion uts, as in SM ase. Following [24℄, we study MSSM parameter range
whih orresponds to the so-alled LHC wedge, where A and H are almost degenerate
in mass.
Our analysis shows that, for MA ∼ 300 GeV, the ross setion for the MSSM Higgs-
bosons prodution σ(γγ → A,H → bb¯) an be measured with a statistial preision of
about 11% already after one year of Photon Collider running. For other onsidered values
of MA it turns out to be lower  from 16% to 21%. Although this result is less optimisti
than the earlier estimate [24℄, still the photonphoton ollider gives opportunity of a
preision measurement of σ(γγ → A,H → bb¯), assuming that we know the mass of the
Higgs boson(s). Unfortunately, separation of A and H will not be possible as the mass
resolution is about 15 GeV.
A disovery of MSSM Higgs-bosons requires energy sanning or a run with a broad
luminosity spetrum, perhaps followed by the run with a peaked one. We estimate the
signiane expeted for the Higgs prodution measurement for four dierent parameter
sets and for tanβ = 320. The disovery reah of the Photon Collider is ompared with
the estimated reah of the CMS experiment. For the optimum energy hoie the photon
photon ollisions allow for the disovery of the Higgs bosons even for tanβ values lower
than the expeted reah of the LHC experiments. Thus, at least partially, the Photon
Collider will over the so-alled LHC wedge. For low tanβ values the measurement
ould probably prot from use of additional hannels: deays of A and H to harginos
and neutralinos, and in ase of H also deays to hh.
Presented analysis takes into aount all orretions whih were available to date.
However, some aspets of the analysis an probably be improved in the future. The rst
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one is the ut on the number of seleted jets. In the urrent analysis 2 or 3 jets are required.
These are the 'natural' jet multipliities for the signal. However, when full NLO generators
with 'matrix element  parton shower mathing' will beome available for the heavy
quark bakground, then this study should be repeated and the uts depending on the
number of jets should be onsidered. Seondly, the jet-lustering algorithm with smaller
ycut values ould be used. Narrower jets (possibly inluding traks and lusters rejeted
by θTC-ut) ould be used in the 4-jet kinematial t to disriminate γγ → W+W−
bakground events more eetively. It is also not exluded that further minimization
of the γγ → hadrons overlaying-events ontribution is possible. We have not found any
eet due to overlaying events on the spaial distributions of jet primary verties, probably
beause traks with largest impat parameters are rejeted by the vertex t. However,
the ut on the impat parameter of single traks and rejetion of aompanying lusters
ould still be onsidered.
75
76
Aknowledgments
First of all, I would like to thank my supervisor Aleksander Filip arneki for the enormous
amount of time and work he devoted to me. His ingenuity has been a onstant inspiration
and hallenge for me. During our disussions and ollaboration I have learnt a lot about
physis and started to believe that I an obtain important results.
I am very grateful to Krzysztof Doroba for his friendliness and support. He introdued
me to partile physis, espeially to photon-photon ollisions. He also enouraged me to
ontinue my studies when I had diult time and onsidered giving up.
The subjet of this thesis was suggested to me by Maria Krawzyk who invited me to
work on the Photon Collider. I thank her for this brave proposition, and for our fruitful
ollaboration.
Thinking about my journey as a physiist, I would like to thank my teaher Bo»ena
Bugaj, who initiated me into the realm of experiments and equations, for her warmth and
for my rst joy from solved exerises when she was organizing 'tajne komplety' without
being paid for it.
I thank my mother and my sister for their love, support and enouragement during
my researh work.
My speial thanks go to my wife for her great love and endless patiene. I am very
grateful to her for taking over all my home duties during last months of my work.
This work was partially supported by the Polish Committee for Sienti Researh,
grant no. 2 P03B 128 25 and no. 1 P03B 040 26.
77
78
Appendix A
Event generation with overlaying events
In this Appendix we disuss the statistial priniples of event generation, with emphasis
on the possibility of having multiple events in single bunh rossing. We assume that for
a given invariant mass of olliding photons, Wγγ , we know how to alulate the total ross
setion for the proess a, σa(Wγγ). In the general ase, for the γγ-luminosity spetrum
(integrated over time), given by dL(Wγγ)/dWγγ, the expeted total number of events, Na,
is:
Na =
∫
dWγγ
dL(Wγγ)
dWγγ
σa(Wγγ).
If we take the luminosity spetrum orresponding to one bunh rossing only then we
obtain an average number of events of the proess a per one rossing, µa. In the realisti
event generation one must take into aount the possibility that two or more γγ ollisions
in hannel a take plae in one rossing. Therefore in eah generated event, orresponding
to one bunh rossing, ka physial events of proess a should be inluded, where ka is the
random number from Poisson distribution with mean µa:
P (ka, µa) =
µkaa
ka!
e−µa .
In this analysis the exat algorithm based on the Poisson distribution is used to generate
γγ → hadrons events for whih µ ∼ 1.
For small values of µa, µa ≪ 1, an approximation is valid in whih one generates Na
bunh rossings with one event of the proess a in eah rossing, i.e. one assumes that the
fration of bunh rossings with exatly one a event is µa. Atually, this fration is smaller
and is equal to P (ka = 1, µa) = µae
−µa
. Moreover, in this simple approah bunh rossings
with more than one a event are negleted; they ontribute to the fration P (ka > 1, µa)
of rossings. Inauray of this proedure is of the order of µ2a. Therefore it an be safely
used for proesses with µa ≪ 1. In this work this approah is used for following proesses:
γγ → higgs → bb¯, γγ → QQ¯(g), γγ → qq¯, γγ → W+W−, γγ → τ+τ− (for the proess
with the highest ross setion, γγ → QQ¯(g), µ ∼ 10−4).
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In general one would like to onsider many independent physial proesses. Here, to
simplify the desription, we assume that only three dierent proesses have to be taken
into aount: a, b and c, with µa, µb ≤ 0.01 and µc ∼ 1. In the exat (but very ineetive)
generation algorithm one would have to inlude ka, kb and kc events of orresponding
proesses for eah bunh rossing where ki are random numbers oming from Poisson
distributions P (ki, µi). However, for small µa and µb one an neglet bunh rossings in
whih events of both proess a and proess b are present; the fration of suh rossings
is P (ka > 0, µa)P (kb > 0, µb) ≈ µaµb ≤ 10−4. Therefore only bunh rossings with a and
c, or b and c proesses an be onsidered. As already pointed out, only bunh rossings
with ka = 1 and kb = 1 an be taken into aount in generation. In this ase c events,
with kc given by the Poisson distribution, are alled overlaying events. However, one has
to inlude also events with c proess only. The fration of bunh rossings with kc > 0
and ka = kb = 0 is equal to P (kc > 0, µc)P (ka = 0, µa)P (kb = 0, µb). As values of µa and
µb are small P (ka = 0, µa)P (kb = 0, µb) ≈ 1, and it is enough to generate a sample of
P (kc > 0, µc)Nc/µc bunh rossings with random number kc (kc > 0) of c events in eah
rossing. In this analysis proesses γγ → higgs → bb¯, γγ → W+W− and γγ → τ+τ−
(orresponding to proesses a or b) with overlaying events γγ → hadrons (proess c) are
generated aording to this approah.
1
Slightly dierent proedure an be applied if proess a is a sublass of overlaying
event proess. Let us rst onsider the generation of proesses a with overlaying events
c in more detail. The fration of bunh rossings in whih there are two a events is
P (ka = 2, µa) ≈ µ2a/2. Using simple approah for generation of a events, i.e. generating
Na bunh rossings with ka = 1, and overlaying a random number of c events, kc, one
overestimates number of rossings with one a event by about µ2a and  by negleting
a possibility of having ka > 1  underestimates number of bunh rossings with two a
events by about µ2a/2. However, there is also an alternative version of the generation
algorithm. Instead of generating kc overlaying events from lass c, one an generate ka+c
overlaying events from joined lass a+c where ka+c is a random number from distribution
P (ka+c, µa+µc). Then, one obtains almost orret fration of bunh rossings with ka = 1
(about µa−µ2a) and overestimates a fration of rossings with ka = 2 (by about µ2a/2). This
approah is applied in this work for proesses γγ → QQ¯(g) and γγ → qq¯ (orresponding
to the proess a) with overlaying events γγ → hadrons (a + c) beause the rst two
proesses are inluded in generation of γγ → hadrons events.2
1
When the γγ → hadrons proess is onsidered as a separate bakground ontribution (only overlaying
events) the diret proesses γγ → qq¯ with q = u, d, s, c, b are exluded from generation as they are taken
into aount individually (γγ → QQ¯(g) for Q = b, c and γγ → qq¯ for q = u, d, s).
2
The proesses γγ → QQ¯(g) are inluded in γγ → hadrons events generated with Pythia in the LO
approximation for the proess γγ → qq¯ with q = c, b, and assuming unpolarized photon-photon ollisions.
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Appendix B
Inuene of higher order orretions
In this Appendix we try to estimate the unertainty of the presented results due to higher
order orretions to the NLO QCD bakground proess γγ → QQ¯(g). As explained in
Setion 4.2, the parton shower algorithm was not applied in the generation of heavy-quark
bakground events as it would lead to double-ounting of some gluon emissions. However,
we an use it to estimate inuene of higher order QCD orretions whih are not inluded
in the NLO generating program. The parton shower algorithm was applied to the QQ¯(g)
nal state generated with the NLO ode, and the full analysis inluding ut optimization
was repeated for the SM Higgs boson with mass of 120 GeV (
√
see = 210 GeV) and for
the MSSM Higgs bosons H and A for MA = 300 GeV (
√
see = 419 GeV). However, here
bakground ontributions due to γγ → τ+τ− and resolved γγ → hadrons events were not
inluded. The ut suppressing overlaying event ontribution was not varied: cos θTC =
0.85. As some gluon emissions are negleted in the generation without parton shower
(our standard analysis), and with parton shower some emissions are double ounted, we
an expet that the atual event distributions will be somewhere in between. Thus, the
dierene between results obtained without and with parton shower an indiate the size
of eets whih are expeted after higher QCD orretions are taken into aount.
In Table B results obtained with and without parton shower are ompared. The
preisions of ross setion measurement for both ases are nearly the same. After applying
the parton shower algorithm the γγ → bb¯(g) events have on average slightly lower b-tag
values as B-mesons are slower due to the additional gluon emissions. It an be learly seen
in the analysis of SM Higgs-boson prodution when in both ases we obtain similar optimal
region of aeptane in the b-tag(jet1)⊗b-tag(jet2) plane (nearly the same eienies for
higgs signal) but εbb is smaller if the parton shower algorithm is applied. Moreover, the
inrease of cc¯-mistagging probability is observed. It is due to the fat that additional soft
gluons broaden a c-jet and some traks appear whih are not present in events without
parton shower. These modiations an ause the c-jet being sometimes similar to the
b-jet.
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√
see [GeV℄ Signal proess ∆σ/σ [%℄ εh [%℄ εbb [%℄ εcc [%℄ εuds [%℄
210 γγ → h→ bb¯ 1.96 (2.03) 57 (58) 43 (50) 2.8 (2.2) 0.16 (0.16)
419 γγ → A,H → bb¯ 10.6 (11.0) 59 (53) 50 (47) 5.2 (2.9) 0.6 (0.5)
Table B.1: Results for preision measurement of signal γγ → h → bb¯ (Mh = 120 GeV)
and γγ → A,H → bb¯ (MA = 300 GeV), and optimal tagging eienies εh, εbb, εcc, and
εuds. Values obtained with parton shower algorithm applied to QQ¯(g) parton system.
In parentheses values for generation without parton shower are shown (our standard
analysis). All ases were subjet to the same proedure with uts and higgs-tagging
optimization.
In ase of the MSSM analysis the situation is more ompliated as the wider optimal
aeptane region in the b-tag(jet1)⊗b-tag(jet2) plane is hosen if parton shower is inluded
(greater εh). Then it is advantageous to take also signal events with jets having lower b-tag
value beause the γγ → bb¯(g) bakground events have slightly lower bb¯-tagging eieny.
We onlude that our results are not sensitive to the higher order orretions for the
heavy-quark bakground proess under assumption than these orretions do not hange
signiantly the overall normalization of the γγ → QQ¯(g) ross setion.
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Appendix C
Studies on the inuene of overlaying
events
In this Appendix the ontribution of the γγ → hadrons overlaying events to the hard
γγ sattering events in the detetor is studied in detail. To understand better properties
of overlaying events we rst study partile distributions on the generator level. The
expeted distributions of the partile, energy and transverse energy ows in cos(θparticle),
where θparticle is the partile polar angle, are shown in Fig. C.1 for hadron-like×hadron-
like events at
√
see = 210 GeV. The average number of γγ → hadrons events per bunh
rossing, µ, is about 0.9. All distributions are strongly forward-peaked. This behaviour,
expeted for soft hadron-hadron interations, is intensied in majority of events by the
strong Lorentz boost of the γγ enter of mass system. As shown in Fig. C.2 and C.3, the
same behaviour is observed for hadron-like×diret and diret×diret proesses for whih
µ ≈ 0.1 and 0.01, respetively. Therefore, the ut on the partile polar angle seems to be
the simplest way to redue the ontamination of partiles oming from overlaying events.
We studied the average ontribution of overlaying events to the energy measured in the
detetor after a ut θmin on the minimal polar angle of partile. In Fig. C.4 and C.5 the
probability distributions for the energy and trasverse energy ows are shown for two θmin
values. The signiant derease of the average energy and transverse energy is learly
observed: the average energy hanges from around 60 GeV without θmin ut to 20 and
10 GeV for θmin = 80 and 250 mrad, respetively.
After these promising results on the generator level, we studied the detetor response
to the overlaying events. The inuene of low-angle partiles an be redued by ignor-
ing traks and lusters with polar angle less than θTC . Following values of θTC were
onsidered: 131, 315, 450, 555, 643 and 722 mrad, orresponding to cos θTC values of
(approximately) 0.99, 0.95, 0.90, 0.85, 0.80 and 0.75. The lowest value θTC = 131 mrad
orresponds to the expeted size of the mask, θmask . Probability distributions for re-
onstruted energy, Erec, for various values of θTC are shown in Fig. C.6 and C.7 for
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√
see = 210 and 419 GeV, respetively. Probability distributions of all buh rossings
(multiple overlaying events possible) are ompared with probability distributions of buh
rossing with only one γγ → hadrons event (visible in the detetor). The low energy
parts of the distributions are presented in detail in Fig. C.8 and C.9, showing a dip due to
the limited detetor sensitivity around Erec ≈ 0.5 GeV. The most signiant redution of
γγ → hadrons ontamination is obtained when inreasing θTC ut from θmask to cos θTC =
0.95 and 0.9. However, it is important to notie that the probability of observing no en-
ergy in the detetor (Erec < 0.2 GeV) does not inrease signiantly with inrease of θTC .
Most events remain visible in the detetor although with highly redued energy.
As the Pythia generator does not produe γγ → hadrons events forWγγ < 4 GeV, we
try to estimate the ontribution of these events. In Fig. C.10 average energy reonstruted
per one γγ → hadrons event, <Erec>, is shown as a funtion ofWγγ , for √see = 210 GeV
and 419 GeV. Again, the strong redution of reonstruted energy is observed with inrease
of θTC . It is worth notiing that for
√
see = 210 GeV the average reonstruted energy is
slightly higher at given Wγγ than for
√
see = 419 GeV. This is due to the larger boosts
of the low energy γγ events at higher e−e−-beam energies. However, the reonstruted
energy per bunh rossing is higher for
√
see = 419 GeV as the expeted number of
γγ → hadrons events inreases from about 1 to about 2 per bunh rossing. From the
average numbers of overlaying events per bunh rossing and the fat that the fration
of luminosity below Wγγ = 4 GeV is equal approximately to 30%, we estimated that
the negleted low-Wγγ overlaying events would ontribute to no more than 0.3 GeV (on
average) to the energy measured in the detetor if cos θTC ≈ 0.85 is hosen.
Partiles oming from overlaying events, entering the detetor with the angle larger
than θTC , are expeted to form jets with small relative transverse momentum, p
jet
T /ET ,
where pjetT is the transverse momentum of the jet and ET is the transverse energy of
all energy-ow objets above θTC . We studied reonstruted jet distributions for the
γγ → h → bb¯ and γγ → A → bb¯ events with overlaying events inluded, for various
values of cos θTC-ut. For omparison the 'ideal' measurement, i.e. without overlaying
events (therefore using θTC = θmask ) was also onsidered. For onsisteny with the nal
analysis we required that for the jet with the highest transverse momentum an angle
ut was fullled: | cos θjet| < 0.7, where θjet is the polar angle of the jet. The pjetT /ET
distributions for jets reonstruted in γγ → h/A→ bb¯ events are shown for various values
of cos θTC in Fig. C.11 ( h prodution for
√
see = 210 GeV and Mh = 120 GeV) and in
Fig. C.12 (A prodution for
√
see = 419 GeV and MA = 300 GeV). For bunh rossing
with θTC = θmask the ontribution from overlaying events is learly seen for p
jet
T /ET < 0.1.
Already for the ut cos θTC = 0.95 this ontamination is signiantly redued and the
distribution approahes the 'ideal' one.
With inreasing the θTC ut the inuene of overlaying events on the Higgs-boson
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Figure C.6: Probability distribution for reonstruted energy, Erec, for various values of
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see = 210 GeV. On the right plot the probability for a bunh rossing with
only one γγ → hadrons event whih on the generator level has some partiles above the
detetor mask. For larity only enters of bins are onneted by lines.
10
-4
10
-3
10
-2
10
-1
1
0 25 50 75 100 125 150 175 200
E
rec [GeV]
Pr
ob
ab
ili
ty
 / 
bc
 / 
20
 G
eV
cos ΘTC:
0.75
0.8
0.85
0.9
0.95
0.99
10
-4
10
-3
10
-2
10
-1
1
0 25 50 75 100 125 150 175 200
E
rec [GeV]
Pr
ob
ab
ili
ty
 o
f b
c 
w
ith
 N
O
E=
 1
 / 
bc
 / 
20
 G
eV
cos ΘTC:
0.75
0.8
0.85
0.9
0.95
0.99
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see = 419 GeV. On the right plot the probability for a bunh rossing with
only one γγ → hadrons event whih on the generator level has some partiles above the
detetor mask. For larity only enters of bins are onneted by lines.
87
prodution events is dereasing. Also the lower systemati unertainty due to γγ →
hadrons ontributiuon oming from relatively large unertainties of the ross setions for
hadron-like interations of photons an be expeted. Hovewer, some traks and lusters
oming from signal event an be ignored at the same time. This will derease mass
resolution and worsen preision of the measurement. In Fig. C.11 and C.12 distributions
of the reonstruted jet mass, Mjet, are shown for dierent cos θTC uts. We see that for
cos θTC = 0.75 and 0.8 some jets loose most of their ontent and their mass is signiantly
underestimated (Mjet . 3 GeV). Distribution obtained for cos θTC = 0.85 nearly reovers
the 'ideal' jet-mass distribution having almost the same mean value.
Finally, we heked the inuene of the θTC-ut on the Higgs-boson mass resolution.
For this omparison the mass resolution was dened as the dispersion, σ, of the Gaussian
distribution tted toWrec−Wγγ orWcorr−Wγγ distribution. The t was performed in the
range (µ − σ, µ + 1.5σ), where µ is the mean of the Gaussian distribution. As shown in
Fig. C.13 and C.14, mass resolutions do not hange signiantly for cos θTC ≤ 0.9. Both,
the obtained resolution values and the shape of distributions show that the ut values
cos θTC = 0.99 and 0.95 are too weak to suppress the γγ → hadrons ontribution.
The full analysis (see Chapter 5) onsidering Higgs-boson prodution signal and the
γγ → QQ¯(g) bakground was performed for proesses γγ → h→ bb¯ (for Mh = 120 GeV)
and γγ → A,H → bb¯ (for MA = 300 GeV), for all onsidered values of cos θTC . The
best preision of the ross-setion measurement was obtained for cos θTC = 0.85 and
0.9. Beause higher θTC ut does not deteriorate the preision, but has the advantage of
reduing the systematial unertainty due to γγ → hadrons events, the value cos θTC =
0.85 was hosen as the optimal one.
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onstruted energy, Erec, for various values of
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Figure C.13: Distribution of Wrec −Wγγ (left) and Wcorr −Wγγ (right) for aepted
γγ → h→ bb¯ events, for √see = 210 GeV and Mh = 120 GeV. Various values of θTC are
onsidered. Also results for the ideal ase without overlaying events are shown (no OE).
The mean value, µ, and the dispersion, σ, of the tted Gaussian distribution is presented
for eah ase. The t was performed in the range (µ− σ, µ+ 1.5σ).
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Figure C.14: Distribution of Wrec −Wγγ (left) and Wcorr −Wγγ (right) for aepted
γγ → A→ bb¯ events, for √see = 419 GeV and MA = 300 GeV. Various values of θTC are
onsidered. Also results for the ideal ase without overlaying events are shown (no OE).
The mean value, µ, and the dispersion, σ, of the tted Gaussian distribution is presented
for eah ase. The t was performed in the range (µ− σ, µ+ 1.5σ).
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Appendix D
Orlop
In this Appendix we desribe the pakageOrlop (OveRLaying events fOr Photon ollider)
whih was developed to take γγ → hadrons overlaying events into aount in our analysis.
The pakage inludes subroutines whih read in the luminosity spetra for γγ ollisions,
appropriately resale energies of beam photons (if neessary), generate γγ → hadrons
events with variable beam energies, and add random number of the overlaying events to
the earlier generated events of the studied hard sattering proess.
Luminosity spetra obtained from the full simulation of γγ ollisions [56℄ are used to
aount properly for the low energy part of the spetrum. The results of the simulations
are available only for three values of e−e− invariant mass,
√
see = 200, 500 and 800 GeV.
The luminosity spetrum for user-dened value of
√
s′ee is obtained by resaling photon
energies from the losest set by the fator E ′max1γ /E
max1
γ , where E
′max1
γ and E
max1
γ are
maximal energies of photons oming from eletrons sattering o one laser photon for√
s′ee and
√
see, respetively. To obtain E
′max1
γ and E
max1
γ values the CompAZ program is
used [57℄. The Orlop pakage an be easily extended to provide overlaying events also
to e+e− ollisions if the beamstrahlung photon spetrum is implemented.
The main program gen_orlop, running as a separate proess, uses Pythia to generate
γγ → hadrons events with variable beam energies, aording to the realisti luminosity
spetrum. As Pythia sometimes does not sueed to hadronize events with very low in-
variant mass, gen_orlop uses only γγ ollisions withWγγ > W
min
γγ = 4 GeV (see Appendix
C for detailed disussion). The program sets following values for Pythia steering vari-
ables: MSTP(14)=10 to properly inlude all kinds of real photon interations, and MSEL=2
to swith on elasti and dirative proesses. The rossing angle and the interation point
distribution are taken into aount. At the beginning the program is run for 50000 events
to alulate more preisely internal Pythia weights whih inuene ontributions of var-
ious event lasses. The alulated total ross setion is used to determine the average
number of overlaying events per bunh rossing, µ.
The subroutine add_orlop is alled to inlude overlaying events during generation
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of the onsidered proesses. This subroutine adds partiles whih are provided by the
program gen_orlop to the Pythia event reord. The all sequene of add_orlop is
shown in the following listing where only parts relevant for use of Orlop are present.
* Example of ORLOP use:
* Higgs-boson prodution 'gamma gamma -> h -> b bbar'
* with overlaying events 'gamma gamma -> hadrons'.
program produe_higgs_with_oe
* Set Higgs-boson prodution 'gamma gamma -> h -> b bbar'
* Initialization of ORLOP
all add_orlop(1,ibeams,sqrts_ee,n_oe_per_b)
* Additional information (optional all)
all add_orlop(2,n_ollisions,luminosity,ross_se)
* Loop over bunh rossings
do ib=1,n_b
* Set photons energies for 'gamma gamma -> h -> b bbar'
* Generate 'gamma gamma -> h -> b bbar' event
all pyevnt
* Add overlaying events 'gamma gamma -> hadrons'
all add_orlop(3,n_oe,e_oe,pz_oe)
enddo
* End of loop over bunh rossings
* Stop ORLOP
all add_orlop(4,n_oe_tot,n_rewind,ross_se)
end
In alls of the subroutine add_orlop(iflag,ivar,var1,var2) the ation undertaken
and also the meaning of variables ivar,var1,var2 depend on the value of the rst pa-
rameter iflag as explained below.
The pakage Orlop, whih ontains also a manual, shell sripts for onvenient run-
ning of programs, and two examples of generator-level analysis, will be made publily
available after publiation of results obtained in this thesis.
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iflag=1 Initialization. The main parameters for γγ → hadrons generation are passed
to the gen_orlop program. Variables ivar and var1 should be equal to the
beam type and
√
see, respetively. These  together with iflag  are the
only input parameters. Beam type is at the moment dened only for γγ
ollisions in the Photon Collider at TESLA. Variable var2 is set to the
average number of overlaying events per bunh rossing, µ, alulated by
gen_orlop.
iflag=2 Optional all allowing to obtain additional information from Orlop. On
return, variable ivar is equal to the number of beam ollisions whih are
available in the simulated set. Variables var1 and var2 are equal to the
luminosity of used spetrum [pb
−1
s
−1
℄ and to the γγ → hadrons ross setion
[pb℄.
iflag=3 The all whih atually adds overlaying events to the event reord. The
returned value of variable ivar is equal to the number of γγ → hadrons
events added. This is a random number from Poisson distribution with
mean µ (see desription of iflag=1). Variables var1 and var2 are set to the
total energy and to the longitudinal momentum of overlaying events. Before
overlaying events are added all undetetable objets (exept neutrinos) are
removed from event reord with all pyedit(1).
iflag=4 Terminate γγ → hadrons generation by stopping gen_orlop. Summary of
overlaying events generation is returned. Variable ivar is set to the number
of all added γγ → hadrons events. Variable var1 is equal to the number of
times the available set of beam ollisions was used. Variable var2 is equal to
the γγ → hadrons nal value of the ross setion [pb℄ alulated by Pythia;
this an be ompared to the value provided with iflag=2 to hek stability
of the result.
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